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ABSTRACT 
 
The developments in mobile/portable electronics and alternative energy vehicles 
prompted engineers and researchers to develop electrochemical energy storage devices 
called supercapacitors, as the third generation type capacitors.  Most of the research and 
development on supercapacitors focus on electrode materials, electrolytes and 
hybridization. Some attempts have been directed towards increasing the energy density 
by employing electroactive materials, such as metal oxides and conducting polymers 
(CPs). However, the high cost and toxicity of applicable metal oxides and poor long term 
stability of CPs paved the way to alternative electrode materials. The electroactive 
materials with carbon particles in composites have been used substantially to improve the 
stability of supercapacitors. Furthermore, the use of carbon particles and CPs could 
significantly reduce the cost of supercapacitor electrodes compared to metal oxides. 
Recent developments in carbon allotropes, such as carbon nanotubes (CNTs) and 
especially graphene (G), have found applications in supercapacitors because of their 
enhanced double layer capacitance due to the large surface area, electrochemical stability, 
and excellent mechanical and thermal properties.  
The main objective of the research presented in this dissertation is to increase the 
energy density of supercapacitors by the development of nanocomposite materials 
composed of graphene and different CPs, such as: (a)  polyaniline derivatives 
(polyaniline (PANI), methoxy (-OCH3) aniline (POA) and methyl (-CH3) aniline (POT), 
xvi 
 
(b)  poly(3-4 ethylenedioxythiophene) (PEDOT) and (c) polypyrrole (PPy). The research 
was carried out in two phases, namely, (i) the development and performance evaluation 
of G-CP (graphene in conducting polymers) electrodes for supercapacitors, and (ii) the 
fabrication and testing of the coin cell supercapacitors with G-CP electrodes.  
 In the first phase, the synthesis of different morphological structures of CPs as 
well as their composites with graphene was carried out, and the synthesized 
nanostructures were characterized by different physical, chemical and thermal 
characterization techniques, such as Scanning Electron Microscopy (SEM), Transmission 
Electron Microscopy (TEM), UV-visible spectroscopy, Fourier Transform Infrared 
(FTIR) spectroscopy, Raman spectroscopy, BET surface area pore size distribution 
analysis and Thermogravimetric Analysis (TGA). The electrochemical properties of G-
CP nanocomposite-based supercapacitors were investigated using Cyclic Voltammetry 
(CV), galvanostatic charge–discharge and Electrochemical Impedance Spectroscopy 
(EIS) techniques in different electrolytes, such as acidic (2M H2SO4 and HCl), organic ( 
0.2 M LiClO4) and ionic liquid (1M BMIM-PF6) electrolytes. 
A comparative study was carried out to investigate the capacitive properties of G-
PANI derivatives for supercapacitor applications. The methyl substituted polyaniline with 
graphene as a nanocomposite (G-POT) exhibited a better capacitance (425 F/g) than the 
G-PANI or the G-POA nanocomposite due to the electron donating group of G-POT. The 
relaxation time constants of 0.6, 2.5, and 5s for the G-POT, G-PANI and G-POA 
nanocomposite-based supercapacitors were calculated from the complex model by using 
the experimental EIS data. 
xvii 
 
The specific capacitances of two-electrode system supercapacitor cells were 
estimated as 425, 400, 380, 305 and 267 F/g for G-POT, G-PANI, G-POA, G-PEDOT 
and G-PPy, respectively. The improvements in specific capacitance were observed due to 
the increased surface area with mesoporous nanocomposite structures (5~10 nm pore size 
distribution) and the pseudocapacitance effect due to the redox properties of the CPs. 
Further, the operating voltage of G-CP supercapacitors was increased to 3.5 V by 
employing an ionic liquid electrolyte, compared to 1.5 V operating voltage when aqueous 
electrolytes were used. On top of the gain in the operating voltage, the graphene nano-
filler of the nanocomposite prevented the degradation of the CPs in the long term 
charging and discharging processes.  
In the second phase, after studying the material’s chemistry and capacitive 
properties in three-electrode and two-electrode configuration-based basic electrochemical 
test cells, coin cell type supercapacitors were fabricated using G-CP nanocomposite 
electrodes to validate the tested G-CPs as devices. The fabrication process was optimized 
for the applied force and the number of spacers in crimping the two electrodes together. 
The pseudocapacitance and double layer capacitance values were extracted by fitting 
experimental EIS data to a proposed equivalent circuit, and the pseudocapacitive effect 
was found to be higher with G-PANI derivative nanocomposites than with the other 
studied G-CP nanocomposites due to the multiple redox states of G-PANI derivatives. 
The increased specific capacitance, voltage and small relaxation time constants of the G-
CPs paved the way for the fabrication of safe, stable and high energy density 
supercapacitors.
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CHAPTER 1: INTRODUCTION 
 
1.1 Background 
 
The utilization of natural energy sources such as wind, wave and solar energy has 
become increasingly important due to the diminishing of fossil fuel reserves and the 
irreversible adverse impacts on the environment by the burning of fossil fuels. It has been 
predicted that biomass generation will increase to 4-fold and solar energy generation will 
rapidly grow to 7-fold by 2035 [1]. With the rapid development of clean and sustainable 
energy markets, a variety of safe and reliable energy storage devices are becoming 
extremely important for a wide range of applications [1]. 
Energy storage has become critical with the increased usage of consumable 
electronic devices, industrial electronic devices and transportation industry [2][3][4]. 
Conventional capacitors, supercapacitors, batteries and fuel cells have been considered as 
electrochemical energy storage (EES) devices to fulfill these needs [3][5]. However, 
supercapacitors, also known as electrochemical capacitors or ultracapacitors, are more 
attractive than the other EES devices due to their unique features, such as light weight, 
small size, high power density, and long cycle life. With the recent developments in high 
power applications, supercapacitors are recognized as ideal candidates for systems with 
high power requirements. Further, the U.S. Department of Energy (DOE) recognized 
supercapacitors as emerging and safe energy storage devices, and has focused on more 
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research and development to overcome some of their limitations, such as low energy 
density and high self-discharge [1] compared with batteries. 
Figure 1 shows the performance comparison of energy storage devices in the 
Ragone plot. It should be noted that supercapacitors are filling the gap between 
conventional capacitors and batteries [6]. The combination of batteries and 
supercapacitors makes unique EES devices with high power density and high energy 
density. 
 
Figure 1 Ragone plot of specific energy and power representation of various energy 
storage devices (© Cambridge University Press, reprinted with permission)[6] 
 
Although supercapacitors are promising candidates for many high power 
applications, their usage is limited by low energy density, high leakage current or self-
discharge and low operating voltage compared to batteries. The electrode material plays a 
key role in the performance of energy storage devices, especially in the case of 
supercapacitors [2][7][3]. The energy density of a supercapacitor is the amount of energy 
stored per unit area, mass or volume of the active material. It depends on the specific 
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surface area (SSA) of the active material with controlled morphology and the operating 
voltage. Power density is the energy conversion rate per unit mass or volume, and is 
greatly affected by the structure of the active electrode material that governs the 
ions/charge transport rate to and from the active material surface.  Therefore, employing 
nanostructured active materials that have high SSA, well-controlled nanostructures 
(porosity, crystallinity, etc.) and proper electrolytes with a wide range of operating 
voltages will enhance the performance of supercapacitors. The concept of 
electrochemical double layer (EDL) capacitors was first used in the early development of 
supercapacitors with carbon materials serving as the electrodes.  
Considerable research on supercapacitor design, operation and performance 
optimization has been conducted to improve the energy density. The concept of 
pseudocapacitors that employs electroactive materials, such as conducting polymers 
(CPs) and metal oxides as electrodes, has been subsequently developed. The materials 
that have been studied for supercapacitor electrodes and their charge storage mechanisms 
include high surface area carbon, transition metal oxides and CPs. Considerable 
developments in supercapacitors have taken place with the application of carbon 
nanotubes (CNTs), and especially graphene as electrode materials.  
Graphene has provided ample opportunities for researchers to synthesize and 
fabricate innovative electrode materials for high-performance supercapacitors [8]. The 
CNTs or graphene-based EDL supercapacitors have shown increased capacitance and 
stability due to higher conductivity and SSA [9][8]. Recently, graphene and CNTs have 
been used in nanocomposites with CPs, and have been found to have higher specific 
capacitance than EDL supercapacitors and higher stability than pseudocapacitors [3].  
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1.2 Objectives and Scope of the Dissertation 
 
The development of next-generation supercapacitors is associated with many 
fundamental problems, such as low energy density, high rate of self-discharge/leakage 
current, low operating potential and high equivalent series resistance. The energy density 
of commercial supercapacitors that are based on carbon electrodes is generally less than 
10 Wh/kg, which is much lower than that of batteries, 100 Wh/kg. Although metal oxide 
or CP electrodes are available for high energy density supercapacitors, they suffer from 
poor rate capability and poor cycling stability. On the other hand, metal oxides are 
expensive compared to CPs and carbon materials. Therefore, there is a huge demand to 
improve the electrochemical performance of metal oxides and CPs.  
Organic electrolytes and ionic liquids with broad operating potential windows 
offer relatively higher energy density. However, organic electrolytes have poor electrical 
conductivity and are not environmentally friendly, while ionic liquids are not cost-
effective. Therefore, both of these types of electrolytes have been undesirable for 
practical applications. In view of the environmental concerns and cost, aqueous 
electrolytes are more desirable when configured with smart supercapacitors using 
appropriate electrode materials. Based on the above considerations, the intention of this 
dissertation research is to develop novel CPs and graphene-based nanostructured 
electrode materials that have enhanced electrochemical performance in terms of specific 
capacitance, energy and power densities and cycling stability.  
The main objective of this research is to develop nanostructured CPs and 
graphene-based electrodes for electrochemical supercapacitors with the following 
considerations.  
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 Development of novel electrode materials for supercapacitors including 
nanostructured CPs, their derivatives and nanocomposites based on CPs and 
graphene. It has been found that the functional CNTs and graphene improve the 
wettability, energy density as well as the stability. This study is focused on the 
capacitance effect, energy/power density and the stability improvement with the 
presence of graphene in CPs. The electrochemically active functional groups in 
CPs, such as methoxy and methyl groups attached to aniline rings, are specially 
considered. The following materials are synthesized, characterized and used as 
supercapacitor electrode materials. 
- PANI derivatives, such as poly (o-anisidine) with methoxy functional 
group and poly (o-toluidine) with methyl functional group 
- Graphene-PANI derivative  nanocomposites 
- PEDOT-Polyacrylic acid (PAA) composite nanostructures (soft-template 
synthesis)  
- Large-area and high yield graphene-PPy nanocomposites 
- Graphene-PEDOT-PAA ternary nanocomposites 
 Use of different synthesis methods, such as interfacial polymerization, 
electrochemical polymerization and oxidative polymerization to synthesize 
electrode materials with different morphological structures (nanowires, flake-like 
structures) and controlled porous structures.  
 Identification of the effect of graphene content in the nanocomposite on the 
electrochemical performance of supercapacitors in order to maximize the specific 
capacitance and energy density. 
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 Physical and chemical characterization of electrode materials using the following: 
Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy (EDS), 
Transmission Electron Microscope (TEM), X-ray diffraction (XRD), Fourier 
Transform Infrared Spectroscopy (FTIR), UV-visible spectroscopy, Raman 
Spectroscopy, Thermogravimetric Analysis (TGA), BET surface area 
measurements, and pore size analysis techniques. 
 Laboratory scale fabrication of coin cell supercapacitors using G-CP 
nanocomposite electrodes and validation of the use of G-CP electrodes in a real 
device. 
 Evaluation and optimization of performance parameters, such as specific 
capacitance, energy density, power density, operating voltage, equivalent series 
resistance (ESR) and stability of the fabricated supercapacitors using the 
synthesized materials. 
 Simulation of equivalent circuit models of nanostructured materials used in 
supercapacitors based on Electrochemical Impedance Spectroscopy (EIS) 
measurements to estimate the physical and electrochemical parameters, such as 
internal resistance, charge transfer resistance, leakage resistance, double layer and 
pseudocapacitance. 
1.3 Organization of the Dissertation 
 
The structure of this dissertation can be summarized as follows.  
 Chapter 1 describes the motivation to study the nanostructured CPs and graphene 
based nanocomposite materials, and the objectives of carrying out this dissertation work 
followed by the organization of the dissertation. 
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Chapter 2 focuses on the literature review on supercapacitors including energy 
storage principles, electrode materials, electrolytes and cell structure of laboratory scale 
supercapacitors. The latter part of chapter 2 is devoted to a discussion of the techniques 
of evaluating the performance of supercapacitors including electrochemical measurement 
methods and the chemical/physical characterization of electrode materials. 
Chapter 3 reviews the synthesis of PANI derivatives using different methods, 
their characterization and applications to supercapacitors. The synthesis of PANI 
derivative-based nanostructures, such as nanowires is considered. Finally, a comparative 
study on the capacitive properties of PANI derivatives is presented.  
Chapter 4 describes the synthesis and characterization of G-PANI derivatives for 
supercapacitor electrodes. The capacitance, energy density and power density results in 
different electrolytes are presented. Also, the capacitances of the G-POA based 
supercapacitors are optimized based on the amount of graphene content used in the 
synthesis.  
Chapter 5 focuses on the G-PPy nanocomposite synthesis and application to 
supercapacitors. EIS analysis and simulation of G-PPy supercapacitors based on a 
proposed equivalent circuit model that combines the double layer capacitance and 
pseudocapacitance are presented. BET analysis of surface area and pore size distribution 
of G-PPy are performed more extensively than the other synthesized G-CPs 
nanocomposites. 
Chapter 6 describes a novel method to synthesize PEDOT-(PAA) composite 
nanostructures via reverse emulsion polymerization. The ternary nanocomposite with G-
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PEDOT-PAA synthesis and its application to supercapacitors are described in this 
chapter with performance comparisons. 
Chapter 7 is focused on an attempt to fabricate laboratory scale supercapacitors 
and to compare and discuss the results against a disassembled industrial supercapacitor. 
This is also validation of the results obtained from the electrochemical analysis methods. 
The double layer and pseudocapacitance values extracted by fitting experimental EIS 
data to a proposed equivalent circuit model are presented. 
Chapter 8 concludes the dissertation with major findings in terms of increasing 
specific capacitance and operating voltage to increase the energy density of 
supercapacitors. The latter part of this chapter focuses on future research recommended 
for the development of G-CP nanocomposites as electrode materials for supercapacitor 
applications. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Energy Storage Devices 
 
Electrostatic capacitors, electrolytic capacitors, electrochemical capacitors, 
batteries and fuel cells are examples of energy storage devices [5][10][11]. These energy 
storage devices find applications depending on the energy and power that they can store 
or the cost of fabrication and installation in systems. The most widely used energy 
storage devices are summarized in Table 1 with their performance comparison.  
Table 1 Basic characteristics of electrolytic capacitors, supercapacitors, and batteries [10] 
Parameters Battery 
Electrolytic 
Capacitor 
Supercapacitor 
Charge time  0.3-3 hrs 10
-6
-10
-3 
sec 1-30 sec 
Discharge time  1-5 hrs 10
-6
-10
-3 
sec 1-30 sec 
Energy density (Wh/kg) 20-100 <0.1 1-10 
Power density (W/kg) ~50-200 >10000 ~1000-2000 
Cycle life ~500-2000 >500000 >100000 
Charge/discharge efficiency ~0.7-0.85 ~1.0 ~0.9-0.95 
Operating Voltage (V) 1.25 to 4.2 per cell 6 to 800  2.5 to 3 per cell 
 perating temperature      -20 to 65 -20 to 100 -40 to 85 
 
Batteries can store large amounts of energy and provide suitable level of power 
for many applications. Cycle life has been the major problem with most types of batteries 
10 
 
due to the Faradaic processes, i.e., electron transfer through double layer that results in 
changes of oxidation and reduction. The charging and discharging of double layer 
capacitors involve no chemical and compositional changes. Only electrons move to and 
from the anode and cathode through an external circuit, and the anions and cations move 
in the electrolyte to the charged electrode surface. Therefore, the capacitor charging-
discharging is highly reversible [5]. 
Recently, the power requirements in a number of applications have increased 
remarkably and have exceeded the capabilities of standard batteries. This has driven the 
design of special high-power, long cycle pulse batteries. Supercapacitors or 
ultracapaciotors have been developed as an alternative to these pulse batteries,. 
2.2 Overview of Capacitors 
 
In 1745, the principle of storing capacitive charge was developed by Pieter Van 
Musschenbroek [5][12]  with the discovery of the Leyden jar, two metal foil electrodes 
separated by a layer of glass in an aqueous acidic electrolyte. It was the discovery that the 
charges can be stored electrostatically on the metal foil with glass (dielectric) sandwiched 
in between.  
The Leyden jar was later known as condenser and now it is known as the 
capacitor. However, the principles of charge separation and capacitive charge storage on 
surfaces were not well understood until the nineteenth century when electrified capacitive 
charge was being investigated at atomic and electronic levels.  
The first patented electrochemical capacitor, porous carbon electrodes in an 
aqueous electrolyte that utilized the interfacial double-layer effect to store electrical 
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energy, was invented by H.E. Becker of General Electric in 1957 [13]. In 1966, the non-
aqueous electrolytic capacitor was patented by Sohio Corporation to provide higher 
operating voltage (3.4 - 4.0 V) and larger specific energy storage. Since then, high 
surface area carbons have become an attractive material for electrochemical capacitors 
due to much higher capacitance than conventional thin film dielectric capacitors.  A 
different principle of storing capacitive charge, called a pseudocapacitance, was 
developed by Conway and Trasatti in late 1970s [5][14]. The major types of 
supercapacitors and their charge storing mechanisms are presented later in this chapter. 
2.3 Energy Storage Applications of Supercapacitors 
 
The first supercapacitor appeared in the market is Gold capacitor by 
Panasonic/Matsshita in 1978.  Another supercapacitor was developed by NEC/Tokin in 
1980 and was called Supercap. Also, two other companies, ELNA and Seiko instruments, 
introduced the Dynacap capacitor/battery to the market by the end of eighties. All these 
capacitors offered nominal voltages from 2.3 - 6.0 V and capacitances of 10
-2
 F to several 
Farads with a time constant of several seconds. They were suitable for consumer 
electronic applications. 
Later, Russian, Japanese and U.S. companies introduced supercapacitors with 
high capacitance (1500 F, ‘power capacitor’  and high nominal voltages (12 - 350 V, 
‘PS ap’  with smaller time constants (fractions of a second). The performance 
improvements, price drop and new applications of supercapacitors guaranteed a long 
future for supercapacitors. Today, supercapacitors find application in three major areas, 
i.e., transportation, stationary energy storage and portable power [15]. 
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2.3.1 Transportation 
 
Hybrid electric vehicles (HEVs), metro trains and tramways are the main targets 
of supercapacitors in future transportation [16][17]. Energy storage in transportation 
involves not only the propulsion (starting and stopping) of vehicles, but also secondary 
power requirements, such as cruising power requirements of vehicles [18][19].  
Table 2 Usage of energy storage systems by different types of vehicles [18] 
Vehicle technology Role of energy storage 
Distinguishing top-level 
requirements 
Conventional IC engine Startup and ancillary services Cost and cycle life 
Mild hybrid electric 
vehicle (HEV) 
Power during stop-and-go 
Operate at 45 to 75% charge, very 
long cycle life, voltage 45-145 V 
Strong HEV Stop-and-go power, propulsion 
Operate at 45 to 75% charge, very 
long cycle life, voltage 200-290 V 
Plug-in HEV Propulsion over 40-60 mile range 
High specific power and energy, 
deep discharge, long cycle life 
All-electric vehicle 
(EV) 
Propulsion (no IC engine) 
High specific power and energy, 
deep discharge, long cycle life 
Fuel cell hydrogen 
vehicle (FCHV) 
Transient power for acceleration and 
maneuvering, power for fuel cell 
compressor and traction power during 
startup and transient 
High specific power, moderate 
specific energy, long cycle life 
HEVs, EVs, FCHVs Regenerative brake energy recovery High charge rate 
 
State of the art HEVs, for example, Toyota Prius are considered as strong hybrids 
and use supercapacitor energy storage for stop and go power (traction power). 
Supercapacitors are assisting the internal combustion (IC) motor for strong acceleration 
and braking energy recovery requiring high charging-discharging rates, i.e, power 
density. Therefore, the major role of having energy storage in IC hybrids is to allow high 
energy density IC engines to run with high efficiency [4]. Table 2 summarizes the 
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automotive types, the purpose of the installed energy storage devices and the requirement 
for the energy storage devices to run at optimum conditions. 
2.3.2 Stationary Power 
 
As renewable-energy sources become more important, the percentage of grid 
power met by renewable energy is also important.  Power generated by wind or solar can 
vary during the day, causing voltage fluctuation in the grid. Supercapacitors are useful in 
ensuring grid stability by absorbing the energy and releasing it at the right time to prevent 
dropouts [20][21]. 
Further, supercapacitors have been used as bridging power supplies. Bridging 
power is the power supplied for a short time in grid power failure until the backup 
generator is up and running. Many distributed generation systems are associated with 
supercapacitors since fuel cell transformers and micro-turbine generators cannot meet the 
power demand with changing loads.  
2.3.3 Portable Power 
 
Supercapacitors have been used in applications where power density is of higher 
priority than energy density [22]. The first commercialization of supercapacitors has been 
found as backup power supply for computer memory in 1978 by the NEC Company, 
Japan.  Since then, backup power sources for consumer electronic products are one of the 
biggest markets for supercapacitors. One can find applications of supercapacitors in 
satellite TV (TV-channel setting and clock time), car audio systems (radio station 
memory), coffee machines (programmed functions), programmable pocket calculators, 
camera flash and toys, etc. [18]. 
14 
 
2.4 Working Principles of Supercapacitors 
 
Generally, there are two types of supercapacitors apart from electrostatic and 
electrolytic capacitors. They are called electrochemical double layer capacitors (EDL) 
and pseudo-capacitors, based on the electrode materials used in them [12]. Depending on 
the nature of the electrode material, supercapacitors can sometimes store energy using 
both EDL and pseudocapacitance methods, simultaneously. Carbon-based electrodes 
store energy by EDL, while CPs and metal oxides store charge mainly by means of  
Faradaic reactions at the electrode surface, and hence are called pseudocapacitors [5][22].  
2.4.1 Electrostatic and Electrolytic Capacitors 
 
The electrostatic type capacitor consists of two parallel plates separated by a 
vacuum or a dielectric material, while the electrolytic capacitor uses solid or liquid 
electrolytes instead of vacuum or dielectric materials. The capacitance of electrostatic 
capacitors is typically in the ranging from 1 pF to 1 µF with voltage range of 50 to 400 V, 
whereas electrolytic capacitors can store charge in the range 0.1 to 10000 µF with a 
voltage range of 16 to 50V.  
These electrolytic capacitors (mostly aluminum and tantalum capacitors) use solid 
or liquid electrolytes and a separator between the electrodes. When charging a capacitor, 
the positive and negative charges are accumulated on electrode electrolyte interface 
giving a potential difference (V). The accumulated charge and the potential are related to 
each other by a proportional quantity called capacitance as shown in equation 1 [5]. 
 
                                                                                     
15 
 
In the presence of the applied electric field, the dielectric material inside the two 
plates is polarized and arranged (dipole alignment) to make the charge neutrality on the 
electrode plate as illustrated in Figure 2. 
 
Figure 2 Schematic of charge storage of the static capacitors [5] 
 
The charge accumulation in linear capacitors is independent of the capacitance. 
The capacitance depends on the area of the charged plates (A), the distance between two 
charged parallel plates (d) and the dielectric constant of the dielectric material between 
the two plates. The relationship of these parameters to the capacitance is shown in 
equation 2 [5]. 
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The higher the dielectric constant and the surface area, the higher the capacitance 
as described in equation 2. The breakdown voltage depends on the dielectric strength of 
the material. The thickness of the dielectric material, temperature, humidity and the 
frequency are the defining parameters of dielectric strength. The commonly used 
dielectric materials for capacitors are summarized in Table 3. 
Table 3 Dielectric constant of some capacitor materials [5] 
Materials Dielectric constant 
Tantalum pentoxide 26 
Ceramics 20 to 400,000 
Aluminum oxide 4.5 to 11.5 
Titanium dioxide 14 to 110 
Titanates (Ba, Ca, Sr, Mg,Pb) 15 to 12,000 
 
2.4.2 Concept of Electrochemical Double Layer  
 
The Electric Double Layer (EDL) capacitors use carbon-based electrode materials 
with a high surface area that could store charge up to 10
6
 Farads of capacitance. Typical 
charging and discharging schematic of an EDL is shown in Figure 3(a). The separator 
prevents short circuiting the two conducting plates and allows ions to be exchanged 
between the two electrodes. Further, there is no electron transfer across the interface. A 
complete double layer capacitor has two electric double layers, one at positive electrode 
and another at the negative electrode interface as shown in Figure 3(a). A simple resistor-
capacitor (RC) equivalent circuit is presented in Figure 3(b) for the basic operation of a 
single-cell supercapacitor.   
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Figure 3 (a) Charging and discharging schematic of double layer capacitor and (b) 
equivalent circuit for a single capacitor 
 
The time constant     of the self-discharge of the anode or cathode is equal to the 
product of R Leakage (z) and Ca. The Gibb’s free energy (E); (   ∫        , stored 
by the applied voltage (V) of the capacitor is given below in equation 3 [5], where    is 
the total capacitance of the cell. 
   
 
 
    
                                                                             
 The maximum energy (P) delivered is presented in equation 4 [5] based on 
constant current discharge measurements. 
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where,   is the cell voltage and Rs is the equivalent series resistance ESR or internal 
resistance.  
 Therefore, the individual element in the equivalent circuit is critical to the final 
performance of the supercapacitor. The EDL concept was first introduced by Helmholtz, 
in which, charge accumulation is taken place by electrostatic attraction at the electrode 
and electrolyte interface. The Helmholtz’s EDL model was further developed by Gouy 
and Chapman with two charged layers of opposite charges built up at the 
electrode/electrolyte interface. Later, the Helmholtz model and the Gouy and Chapman 
model were combined to reorganize the ion diffusion layers, namely the compact layer 
(also named the Stern layer) and the diffuse layer. Therefore, the EDL is composed of 
contributions from the capacitance of compact Helmholtz layer (    and the diffuse layer 
         [5][12].  
 
   
  
 
  
  
 
     
                                                                     
As shown in equation 5, the equivalent circuit of the double layer can be treated 
as the series connection of the capacitances of the Helmholtz layer and the diffuse layer. 
Figure 4 illustrates the concept of a double layer formation of ions at the interface of the 
electrode and electrolyte with the Stern layer and the Diffusion layer. The high surface 
area of the electrode materials with a good electrical conductivity are the fundamental 
parameters needed to achieve high capacitance in an EDLC, since capacity development 
depends on the charge accumulation at the electrode/electrolyte interface. 
19 
 
 
Figure 4 The EDL structure based on Stern model formed at a positively charged porous 
electrode surface 
 
2.4.3 Concept of Pseudocapacitance 
 
 In the 1970s, Conway and Trasatti developed a different concept of storing 
capacitive charge called pseudo-capacitance [5]. Since then, it has been found that there 
are three types of charge transfer processes associated with pseudo-capacitive systems 
[5].  
 In the first type, charge is stored through the potential dependence of 
electrochemical adsorption of H or metals such as Pb, Bi, and Cu at the surface of a Pt or 
Au electrode. This process, which is 2-dimentional, is called underpotential deposition 
(UPD) at the electrode surface. In the second type of pseudo-capacitive systems, the 
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energy storage involves Faradaic redox reactions and doping/dedoping at the surfaces and 
within the interlayer spacing of the metal oxides or the CPs. In the third type,  lithium 
intercalation occurs by the 3-dimentional electrosorbtion (e.g., Li
+
 electrosorbtion into a 
layer-lattice of host materials such as TiS2, MoS2) [12][23]. 
 The latter types, in particular, have attracted extensive attention, because metal 
oxides demonstrated much higher specific capacitance than the high surface area carbon-
based double-layer type capacitors. For example, ruthenium oxide (RuO2) can achieve a 
specific capacitance of over 1000 F/g.  
 Hydrous ruthenium oxide (RuO2•xH2O) is a classic example of a metal oxide 
exhibiting pseudocapacitive properties involving reversible redox reactions ( Ru
IV
O2 + 
δH+ + δe- + RuIV 1-δ RuIII δ 2H) [17] . Figure 5 illustrates the proton adsorption and the 
oxidation reduction processes of hydrous ruthenium oxide in enhancing the capacitance 
by pseudocapacitance [24]. 
 
Figure 5 Schematic of charge storage via the process of pseudo-capacitance (© ACS 
Publications, reprinted with permission) [24] 
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Figure 6 Schematic diagram of a reversible redox reaction leading to pseudocapacitance, 
and EDLC occurring at the electrode/electrolyte interface  
 
 In general, the processes of developing pseudocapacitance and double layer 
capacitance in composite electrodes can be schematically represented as shown in Figure 
6.  Typically, oxidation and reduction processes are observed in the CPs.  
 If the redox processes are defined as  x + ne↔Rd, where n is the electron 
transfer number, the reversible electrode potential induced due to thermodynamic reasons 
is governed by the Nernst equation. The Nernst equation is given as below, 
      
  
⁄
  
  
  
  (
   
   
)                                                              
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where,    
  
⁄
  is the standard electrode potential of a reaction,     and     are the 
concentration of Ox and Rd (mol.cm
-3
), E is the electrode potential (V), R is the universal 
gas constant (8.314 J/K.mol) and T is the temperature (K).  The exchange Faradaic 
current density (i) passing through the electrodes is expressed in equation 7. 
           
    
  
                                                                      
 The pseudocapacitance induced by the redox couples can be expressed as,  
        
    
  
                                                                        
 Equation 9 is the ultimate expression for the pseudocapacitance obtained by 
simplifying equation 8. It can be clearly seen that the pseudocapacitance depends on the 
electrode potential as well as on the temperature. 
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 Therefore, the total current produced in the presence of the double layer and 
pseudocapacitance is the sum of the Faradaic and non-Faradaic currents in the capacitor. 
The total capacitance is the sum of the double layer capacitance (     and the 
pseudocapacitance       as shown in equation 10. 
                                                                            
 Any processes deviating from the equilibrium conditions are governed by the 
Butler-Volmer equation. For small transient voltage conditions  η , this equation can be 
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linearized by considering a Taylor expansion and the linearized equation is presented in 
equation 11. The EIS measurements are based on small transient conditions, and the 
exchange current density is mainly governed by the Butler-Volmer relationship given 
below. 
     (
   
  
)                                                                    
  The term (     ) is the reciprocal of the resistance according to  hm’s law and is 
called the Faradaic resistance or charge transfer resistance (    . This transient response 
characteristic is useful in characterizing the electrode reaction processes by using 
electrochemical methods. 
2.5 Supercapacitor Cell Components 
 
 The overall performance of the supercapacitor ultimately depends on all of the 
components of the supercapacitor cell, such as the electrode, electrolyte, separator, and 
current collector. Physical and chemical characterizations of electrode materials, such as 
pore size and distribution, specific surface area, and conductivity are directly related to 
the capacitance, power and energy density of a supercapacitor.  
 The breakdown voltage, conductivity and the dielectric properties are responsible 
for the equivalent series resistance (ESR), power, and energy density of the 
supercapacitor cell. A separator is provided to prevent short-circuiting the anode and the 
cathode. Also ions can diffuse back and forth between the electrodes.  Therefore, this 
section is devoted to a detailed discussion of the components of a supercapacitor. 
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2.5.1 Electrode Materials for Supercapacitors 
 
 The primary objective behind the extensive research on supercapacitors is to 
bridge the gap between capacitors and batteries with regard to power and energy 
performance. The energy density of a supercapacitor can be increased either by 
increasing the capacitance or by increasing the electrolyte voltage window.  
 The former can be increased by using high capacitance electrode materials, which 
has opened doors for research for alternative electrode materials. The properties required 
in an electrode for supercapacitor applications are listed below. 
 High specific surface area to develop EDL (typically in the range of 1000-2000 
m
2
g
-1
) 
 Controlled pore size distribution 
 Electrochemical stability beyond the limit of electrolyte decomposition 
 Reversible oxidation and reduction reactions to avoid loss of stability and 
performance 
 Surface wettability of the electrolyte 
 There are four major types of material categories that have been researched as 
electrode materials, namely, carbon-based materials, transition metal oxides, CPs, and 
nanocomposites of  different combinations of former three materials [25][2][22][7]. 
These materials have their respective benefits and challenges for their applications in 
supercapacitors. 
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2.5.1.1 Carbon-Based Materials 
 
2.5.1.1.1 Activated Carbon (AC), Aerogel and Other Carbon Structures 
 
 The early investigation on supercapacitor electrodes involved carbon-based 
compounds, such as activated carbon (AC), aerogel, xerogel and porous carbon, etc., that 
exhibited double layer capacitance unless functionalized [2][26]. The carbon-carbon 
supercapacitor is the cheapest technology due to the low price of activated carbon and its 
commercial availability.  
Their specific capacitance values are typically between 50 and 130 F/g. The 
cyclability of carbon based supercapacitors is very high (greater than 100000 cycles) and 
both aqueous and non-aqueous electrolytes can be used in them with potential windows 
between 1 and 3 V. 
 There has been an attempt to increase the area of carbon electrodes to increase the 
capacitance and energy density by creating porosity from the activation of carbons, using 
a template or by generating carbons from transition metal carbide. For example, TiC 
derived carbon has shown an energy density of 10Wh/l with an operating voltage of 2.7V 
and a capacitance of 120 F/g [2].  
 However, it has been observed that the capacitance did not directly increase with 
the increase in surface area, because the pores were too small and the electrolyte ions 
could not enter the pores, as illustrated in Figure 7. Investigations of this phenomenon 
lead to the conclusion that optimal porosity of the size of two solvated ions is necessary 
to obtain maximum capacity. Therefore, the pore size required for maximum capacitance 
is solvent dependent.  
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 Figure 7 shows the pore size dependence of the carbon based material. It has been 
found that sub-nanometer pores allowed ions to admit and hence contribute to an increase 
in the capacitance. Pyrolytic carbon utilizes a complex porous structure composed of 
micropores (diameter < 2 nm), mesopores (diameter from 2 - 50 nm) and macropores 
(diameter > 50 nm) to achieve their high surface area [2]. 
 
Figure 7 Schematic of adsorption of electrolyte ions with or without solvation to the 
surface of pores with different pore sizes 
  
 Another interesting activated carbon structure for electrode materials is textile 
carbon. Fibrous carbon materials offer advantages over conventional powdered activated 
carbons, such as high adsorption rates, capacity, a larger homogeneous porous system 
and high surface area (up to 2800 m
2
/g). 
2.5.1.1.2 Carbon Nanotubes (CNTs)  
 
 In recent years, CNTs have been proposed as electrode materials for 
supercapacitors, one of many potential applications of CNTs, others being Li-ion 
secondary batteries, photovoltaic cells and hydrogen storage in fuel cells. The unique 
properties of CNTs, such as structure (one-dimensional geometry), high surface area, 
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remarkable chemical stability, high electric conductivity, as well as light weight, have 
driven its use in energy generation and storage applications. 
 
Figure 8 Effective area and hidden area of CNT bundle (© Elsevier Limited, reprinted 
with permission) [2] 
 
 The charge storage spaces of CNTs are shown in Figure 8. On such an ideal 
surface of CNTs, a large capacitance is expected to be calculated. However, practical 
CNTs are bundled with each other due to Van der Waals forces, and only the outermost 
tubes of the bundle are exposed to the electrolytes. The inner surface of the nanotubes 
(no. 2 in Figure 8) is also useful for electrolyte ions access, if suitable openings are 
formed. Interlayer space in the walls of multi-walled CNTs (MWCNTs) (no. 4 in Figure 
8) can be intercalated by electrolyte ions, such as Li
+
 and Cl
-
 to enhance the 
pseudocapacitance.  
 In addition, an electrode with aligned CNTs has some merits for capacitive 
performance with high power due to simplified ion diffusion and conductive paths. The 
conducting paths for the electrolyte ions and electrons in the aligned CNTs are 
schematically compared with activated carbon (AC) as depicted in Figure 9 (a). The 
electrode composed of AC particles and a binder has a large internal resistance because 
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of both many contact points between the particles and insulating binder material unlike 
aligned CNTs (Figure 9 (b)). Both single-walled carbon nanotubes (SWCNTs) and 
MWCNTs have been used as supercapacitor electrodes. A higher capacitance has been 
reported on SWCNTs than MWCNTs dues to large surface area and high conductivity of 
SWCNTs.  
 
Figure 9 Ion diffusion and conductive paths of (a) aligned CNTs and (b) activated carbon 
particles (© Elsevier Limited, reprinted with permission) [2] 
 
 Further, various functional groups such as –COOH, –OH, =B–OH and N-doped 
have been bonded to the carbon atoms at the edge of hexagonal carbon layers. The aim of 
having these functional groups was to improve the wettability of the electrodes and 
capacitance of the supercapacitor cells by the Faradaic reactions. A large 
pseudocapacitance due to oxygen and nitrogen is commonly recognized by the 
characteristic shape of the CV curve in aqueous electrolyte solutions. In the case of 
oxygen-containing functional groups, the pseudocapacitance is generally credited with 
the Faradaic reactions of these groups with electrolyte ions, which are basically identical 
to the capacitance developed by the transition metal oxides or the CPs. 
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2.5.1.1.3 Graphene 
 
 It was mentioned in a previous section that porous carbon materials have high 
specific surface area and their capacitance is not increasing linearly with the increase of 
surface area.  The low conductivity and low capacitance of porous carbon materials limit 
its application in high power density supercapacitors. On the other hand, CNTs-based 
supercapacitors have not met the expected performance. One possible reason is probably 
due to the contact resistance between the electrode and current collector [2].   
 
Figure 10 Evolution of 2D carbon (graphene) in to different building blocks of materials; 
buckyball, CNTs and graphite (© The Nature Publishing Group, reprinted with 
permission) [27] 
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Table 4 Specific capacitance of carbon-based materials 
Material Capacitance Energy/power 
densities 
Remarks 
Nomex-derived 
activated carbon fibers 
[28] 
175 F/g (Electrolyte: 5.25 M 
sulfuric acid, 
Method: EIS at 5mHz, three-
electrode configuration) 
N/A BET surface area: 2832 
m
2
/g 
Carbon Aerogels [29] 46 F/cm
3
 ( Electrolyte: 30% 
H2SO4 
Method: Charging-discharging 
two-electrode configuration) 
N/A BET surface area: ~500 
m
2
/g 
carbon black [30] 250 F/g (Electrolyte: 3M  
H2SO4 
Three-electrode configuration) 
N/A BET surface area:1690 
m
2
/g 
Printable Thin Film 
SWCNTs [31] 
35 F/g  (Electrolytes: LiPF6/EC 
Method: Charging-discharging 
at 1 mA/cm
2
 (30 mA/mg) 
two-electrode configuration) 
6 Wh/kg, 70 
kW/kg 
Higher operating 
voltage, Increasing the 
voltage up to 3 V , RC 
constants  
were around 0.5 s  
Graphene [32] 154 F/g (Electrolyte: EMIMBF4 
ionic liquid 
Method: Charging-discharging 
at 1 A/g  
Two-electrode configuration 
85.6 Wh/kg at 
room temp., 
136 Wh/kg at 
80 °C,  
Voltage up to 4 V 
Graphene (exfoliation 
of graphitic oxide and 
by the 
transformation of 
nanodiamond)  [33] 
117 F/g (1M aq. H2SO4) 
75 F/g (PYR14TFSI Ionic 
liquid) 
31⋅9 Wh/kg 
(Ionic liquid) 
3.5 V (Ionic liquid) 
Graphene (chemically 
modified graphene 
(CMG)) [34] 
135 F/g (Electrolyte: 5.5 M  
KOH 
Method: Charging-discharge at 
10mA) 
99 F/g (Electrolyte: 
TEABF4/AN 
Method: Charging-discharging 
at 10mA) 
N/A BET surface area is 705 
m
2
/g. 
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 Therefore, several studies have been focused on other morphologies of carbon 
materials to improve the performance of the supercapacitors. Graphene, a one-atomic 
thick layer of 2-D with unique morphology, has been found to be a potential electrode 
material. Graphene has exceptional properties, such as high electrical conductivity (~200 
S/m), large surface area (2600 m
2
/g) and chemical stability [26].  
 Multilayered graphene-based supercapacitor studies have shown 205 F/g specific 
capacitance in aqueous H2SO4, 1V operating voltage, 28.5Wh/kg energy density and 10 
kW/kg of power density. Another study in large area graphene with an ionic liquid 
electrolyte showed an increased voltage up to 4V with an energy density of 85.6 Wh/kg. 
Graphene is a 2D building of carbon materials of all other dimensionalities. It can be 
wrapped up into 0-D buckyballs, rolled into 1-D nanotube or stacked into 3-D graphite as 
can be seen in Figure 10. 
 In summary, carbon materials with high surface area and suitable porous structure 
are competitive electrode materials in terms of specific power and cycle life. Performance 
comparison of supercapacitors based on carbon materials are presented in Table 4. 
2.5.1.2 Metal Oxides 
 
 Metal oxide electrode materials are categorized as Faradaic pseudocapacitive 
materials. In general, they provide higher energy density than carbon materials and better 
electrochemical stability than CPs for supercapacitors. Among the metal oxides, 
Ruthenium oxide (RuO2), manganese oxide (MnO2), cobalt oxide (CoO), nickel oxide 
and vanadium oxide (V2O5) have been studied as electrodes for supercapacitors. The 
general requirements for metal oxide to be used in supercapacitors are; (1) electrical 
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conductivity; (2) ability to exist in two or more oxidation states that co-exist over a 
continuous range with no phase changes involving irreversible modifications; (3) 
allowing protons to freely intercalate into oxide lattice on reduction, allowing facile 
interconversion of O
2- ↔  H-.  
 The most studied metal oxide is RuO2 due to its wide potential window, highly 
reversible redox reactions, and three distinct oxidation states accessible within a 1.2V 
voltage window, high thermal stability, metallic type conductivity, long cycle life, high 
rate capability and remarkably high specific capacitance (900 F/g). However, commercial 
usages of RuO2-based supercapacitors are limited by its toxicity and high cost. Other 
cheaper and environmentally friendly metal oxides have been introduced as alternatives. 
MnO2 has been the next most widely used metal oxide material for supercapacitors, and 
has been found to have a cycle stability mainly controlled by its microstructure, while its 
specific capacitance is governed by its chemically hydrous state.  
 Although MnO2 is a cheap alternative to RuO2, its specific capacitance has been 
reported to be much less (~110-260 F/g) than RuO2. The reported low capacitance and 
coulombic efficiency has been due to the low conductivity and poor proton transport 
through the active material. The charge storage mechanism of  MnO2 can be expressed as 
indicated in equation 12 [35], 
       
                                                                                             
 Here, the surface adsorption of cations C
+ 
(K
+
, Na
+
) in the electrolyte and the 
incorporation of protons form the basis of the charge storage mechanism. Apart from 
metal oxides, there has been limited research carried out on transition metal nitrides, 
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sulfides and carbides. For example, molybdenum nitride (MoN) was explored as 
supercapacitor electrode material by Conway et al. for the first time and found to have 
promising capacitive properties [36].  
 Vanadium nitride (VN) has also been reported as electrode material for 
supercapacitors with 150-180 F/g capacitance. As a result of the drawbacks of other 
materials, nanocomposite based materials have been studied to overcome the limitations 
in stability, capacitance, etc. The specific capacitance and other performance studies of 
some selected metal oxide-based supercapacitors are summarized in Table 5. 
Table 5 Specific capacitance of metal oxides 
Material Capacitance Energy/power 
densities 
Remarks 
Nanocrystalline 
hydrous 
RuO2 [37] 
50F/g (Electrolyte: Na2SO4  
Method: Charging-discharging at  2.5 
A/ g  
Two-electrode configuration ) 
18.77 Wh/kg, 500 
W/ kg 
NA 
Ruthenium oxide 
nanotubes[38] 
860 F/g (Electrolyte: H2SO4 
At current density of 500 mA/g ) 
NA NA 
α-MnO2 [39] 150 F/g ( Electrolyte: 0.1M K2SO4 
Method: CV at 5 mV/s) 
NA BET 200 m2/g 
Nanorods ϒ-MnO2 
(Sol–gel process) 
[39] 
317F/g at 100 mA/g current density NA NA 
Cobalt oxide 
(Co3O4) nanotubes 
[40] 
574 F/ g (Electrolyte: 6 mol L
−1
 KOH 
 Method:  three-electrode 
configuration at 0.1 A/ g current). 
NA NA 
Nickel oxide [41] 146 F/g (Electrolyte 1 M KOH 
Method: three electrode configuration 
CV at 20 mV/s)  
NA NA 
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2.5.1.3 Conducting Polymers (CPs) 
 
 Since this dissertation is primarily on CPs, this section is devoted to the review of 
the literature on CPs for supercapacitor applications. The most commonly used CPs 
include polypyrrole (PPy), polyaniline (PANI), poly-[3,4-ethylenedioxythiophene] 
(PEDOT) and polyhexylthiophene (RRPHTh) [42]. Figure 11 shows the chemical 
structures of the above mentioned CPs. CPs have been identified as low cost, high 
conductivity, fast charge/discharge and environmentally friendly electrode materials for 
supercapacitors with relatively high capacitance.  
 But, they suffer from stability, and therefore limited cycle life. The working 
potential range of the CP electrode is limited by degradation over oxidation (they will 
undergo mechanical/chemical changes, e.g., swelling, shrinkage, cracks or breaking) 
during long term charge-discharge processes and as a consequence, gradually aggravate 
their conducting properties. 
 
Figure 11 Chemical structure of some CPs 
 
 The electrochemical and mechanical properties of a CP film depend on the nature 
of the dopant ions. Other factors, such as nature of monomers, electrolyte, pH of the 
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solution, the substrate and the deposition condition also play significant roles in 
determining the capacitance of the CP film. 
 Different nanostructures of CPs like nanotubes, nano-fibers and nano-spheres 
have been considered as electrode material for supercapacitors to increase the specific 
capacitance [43]. Vertically aligned nanowires improve the ion diffusion from a bulk 
solution to the surface of PANI nanowires as illustrated in the schematic of Figure 12 (a). 
The fast counter ion movement to and from PANI nanowires  has been reported by 
electrochemical polymerization of vertically aligned nanowires [44].  
 
Figure 12 (a) Schematic of the optimized ion diffusion path in nanowire arrays; (b) 
morphologies of PANI nanowire arrays (© ACS Publications, reprinted with permission) 
[43] 
 
2.5.1.3.1 Polyaniline (PANI) and its Derivatives 
 
 In 1840, PANI was invented by a German chemist, Carl Fritzsche. Since then, 
PANI has been widely exploited from different points of view [45][42]. Generally, 
chemical oxidative polymerization and electrochemical polymerization (constant current, 
constant voltage or sweeping voltage method) have been employed in the synthesis of 
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PANI. Also, interfacial (emulsion) polymerization, seeding polymerization and  template 
polymerization methods are also commonly used to produce nanostructured polyaniline, 
such as nanowires, nanotubes, and nanospheres. 
 The existence of nitrogen atoms as imine (in sp2) or amine (in sp3 hybridized 
state) forms, and their relative proportion in the overall polymer backbone chain 
determines the resulting structure and the different properties of PANI as indicated in 
Figure 13. 
 
Figure 13 General chemical structure of polyaniline 
 
 
Figure 14 Protonic acid and base treatments of polyaniline between its emeraldine forms  
  
 There are four well-known forms, leucoemeraldine, emeraldine base, emeraldine 
salt and pernigranilinebase, of PANI available in the literature according to their 
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reduced/oxidized repeating unit proportions. Leucoemeraldine is the fully reduced state 
of PANI with pale brown color and no conductivity. Emeraldine base does not have any 
conducting property and can be recognized with its blue color. Emeraldine salt (acid 
treated) is a conductive (2-10 S/cm) form of PANI with dark green color and insoluble in 
organic solvent.  
 In contrast to the salt form, the base form can be dissolved in N-methyl 
pyrrolidone (NMP) or dimethyl sulfoxide (DMSO) solvents and has a partially 
processable characteristic with a conductivity of 10
-10
 S/cm. The fully oxidized state of  
PANI is called the pernigraniline and it is pink or purple in color. Figure 14 shows the 
acid/base treatment of emeraldine forms of PANI. 
 
Figure 15 Chemical structures of monomer and polymer derivatives studied 
 
Table 6 Conductivity comparison of PANI derivatives 
PANI derivative Conductivity (S/cm) Reference 
PANI 2~10 [46] 
POA 0.72~0.0275 [47] 
POT 1.2~ 0.0563 [47] 
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 PANI derivatives have some unique properties, such as wide and controllable 
range of conductivity, yielding intrinsic febrile morphology, solution processable and 
specific capacitance, which are superior to the other CPs.  Further, PANI has been found 
to be the most studied CP for supercapacitor applications due to the above mentioned 
unique properties. 
 It has been found that PANI is less processable than its derivatives, such as Poly 
 ortho anisidine, ‘P A’   -OCH3 methoxy group  and poly  ortho toluidine, ‘P T’   -
CH3 methyl group) [48][49]. Further, these functional groups have electron donating 
properties. Figure 15 shows the chemical structure of aniline derivative and PANI 
derivatives. As indicated in Table 6, the conductivity is decreasing with the incorporation 
of the functional group. However, these derivatives have been used in different 
applications including corrosion protective layers, battery applications, etc. There is no 
evidence that this PANI derivative has been used in supercapacitor application. 
Therefore, this dissertation discusses some capacitive properties investigations on these 
PANI derivatives as electrode material for supercapacitors. A detailed investigation and a 
comparative study of capacitive behavior are discussed in Chapters 3 and 4.  
2.5.1.3.2 Polypyrrole (PPy) 
 
 PPy is another promising CP that has been used in supercapacitors. In 1963 the 
first solid formation of conductive iodine doped PPy by chemical oxidative 
polymerization was reported by D.E Weiss et al [50]. PPy can be considered as the first 
derivative of PA that exhibits a high level of conductivity [47]. The general mechanism 
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of the oxidative polymerization of pyrrole is illustrated in Figure 16, and can be briefly 
explained below.  
 
Figure 16 Oxidation states of pyrrole  
  
 
Figure 17 Electronic energy diagrams for (a) neutral, (b) polaron, (c) bipolaron and (d) 
fully doped  (top) polypyrrole and (bottom) polythiophene (C.B.: conduction band, V.B.: 
valence band) (© Marcel Dekker, Inc., reprinted with permission) [45][51]  
Polythiophene 
Polypyrrole 
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 Formation of cationic free radicals after the loss of an electron from the monomer 
structure is followed by the coupling of active resonance structures in different positions 
during the reaction (oxidation of monomer, radical-radical coupling). These already 
coupled structures finally form the polypyrrole chain at the end of the polymerization 
reaction (deprotonation, re-aromatization and chain propagation). 
 The conductivity level of this polymer can remarkably be changed from an 
insulating level to a metallic level through the doping process and the electronic band 
diagrams as shown in Figure 17. PPy is an insoluble and intractable polymer backbone 
structure. However, it has been reported that a soluble PPy can be synthesized using 
alcohol or organic solvent soluble dopants with long alkyl chains like sodium bis (2-
ethylhexyl) sulfosuccinate (C20H37NaO7S). 
2.5.1.3.3 Polythiophenes (PTh) 
 
 Among PThs, Poly (3,4-ethylenedioxythiophene) (PEDOT) has been studied most 
as supercapacitor electrode material. PEDOT was found in the 1980’s at the Bayer AG 
research laboratories in Germany [52]. PEDOT can be synthesized by polymerization of 
the monomer, 3,4-ethylenedioxythiophene (EDOT), through electrochemical or chemical 
methods with the presence of the oxidants. However, PEDOT is less soluble in water. It 
can be synthesized in a non-aqueous solution or in a solution with surfactants.  
 One of  the most successful aqueous suspension has been obtained as PEDOT/ 
poly (styrene sulfonic acid) (PSS) with the conductivity up to ~10 S/cm [53]. A highly 
conductive (as high as 1000 S/cm)  PEDOT has been synthesized by in situ 
polymerizations methods, such as liquid-phase polymerization (LPP) electrochemical 
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polymerization and  vapor-phase polymerization (VPP) [54]. The LPP process involves 
spinning a mixture of monomer, oxidant, and inhibitor directly onto the substrate.   Also, 
PEDOT is environment friendly and has a low band gap (1.5 - 1.6 eV) CP [55]. The 
oxidation and reduction process of PEDOT is illustrated in Figure 18. 
 
Figure 18 Chemical structures of oxidized and reduced forms of PEDOT 
 
2.5.1.3.4 Conductivity of CPs 
 
 Various theoretical models have been proposed for the conductivity of CPs based 
on the quantum chemical theory.  The conductivity of CPs is due to the charge transfer 
along the backbone structure or between the different conjugated segments in the same 
chain. Also, the electron hopping between different chains contributes to the conductivity 
of CPs. Moreover, the conductivity of a polymer can be increased by doping them with 
oxidative/reductive substituents or by donor/acceptor radicals.  Shirakawa and Ikeda 
discovered that doping of poly(acetylene) (PA) increased its conductivity by 9 to 13 
orders of magnitude [56]. The presence of the localized electronic states of energies less 
than the band gap occurred due to the change in local bond order. These include the 
formation of solitons, polarons and bipolarons [57].  
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Polymers can me doped by the following techniques. 
 Gaseous doping 
 Solution doping 
 Electrochemical doping 
 Self - doping 
 Radiation induced doping 
 Ion-exchange doping 
Among these methods, the first four techniques are widely used because of low 
cost and easiness for supercapacitor applications. Table 7 Illustrates the maximum 
conductivity reported for some CPs with selected dopants. 
Table 7 Conductivity reported for some CPs with selected dopants 
Conductive polymer Doping material Conductivity (s/cm) 
PPy BF4¯, ClO4¯, tosylate 10-50 
PTh BF4¯, ClO4¯, tosylate, FeCl4¯ 10
3
 
PA I2, Br2Li, Na 10
4
 
PANI HCl 2-10 
 
2.5.1.3.5 Synthesis of CPs 
 
 CPs have been synthesized by the following methods [58][59][60]. 
 Chemical polymerization 
 Electrochemical polymerization 
 Photochemical polymerization 
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 Emulsion polymerization 
 Inclusion polymerization 
 Plasma polymerization 
 Pyrolysis 
 Chemical polymerization (Oxidative polymerization) is the most useful method in 
preparing large scale CPs. This method uses the oxidation of the monomer to a cation 
radical and coupling to form dications and the repetition to form a polymer. 
Electrochemical polymerization is normally carried out with a three-electrode 
configuration electrochemical cell with a supporting electrolyte, in which, the monomer 
is dissolved. The polymerization is then carried out potentiometrically by uing  a 
galvanostat. Thin or thick CP films can be obtained from this method.  
Table 8 Specific capacitance of CPs materials 
Material Capacitance 
Energy / 
power 
densities 
Remarks 
PEDOT nanotubes 
[61] 
140 F/g ( Electrolyte:1 M LiClO4 
Method: CV at 0.8mA. Three-electrode 
configuration) 
5.6 W h kg−1, 
25 kW kg−1 
NA 
PEDOT 
(electrochemical 
polymerization) [7] 
92 F/g (Electrolyte: 0.5 M LiClO4  
Method: three-electrode configuration)  
NA NA 
PPy (electrochemical 
polymerization) [7] 
240 F/g  (Electrolyte: 0.5 M LiClO4 
Method: three-electrode configuration ,) 
NA BET 200 m2/g 
PPy [7] 78-137 F/g (Electrolyte PVDF-HFD gel) NA NA 
PANI (electrochemical 
polymerization) [7] 
530 F/g (Electrolyte: 1.0 M HCl 
Method: `three-electrode configuration) 
NA NA 
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 Photochemical polymerization takes place in the presence of the sunlight, 
utilizing photons to initiate a polymerization reaction in the photosensitisers.  Plasma 
polymerisation is a technique for prepairing ultrathin films with uniform layers   0-100 
A
 
), while Pyrolysis is one of the old approaches used to synthesize CPs.  
 There are other techniques, such as chemical vapour deposition (CVD), step-
growth polymerization, etc. However, these techniques are time-consuming and costly. 
The methods folowed in this study are the chemical oxidative polymerization and the 
electrochemical polymerization. The specific capacitance values of CP materials used as 
electrodes for supercapacitors reported in literature are summerized in Table 8. 
2.5.1.4 Nanocomposites 
 
 Up to date, nanocomposites of the two different materials discussed in the 
previous sections or nanocomposites of three different materials (ternary system) have 
been used as electrodes for supercapacitor. The objective for the development of 
composite material electrodes is to combine the attractive properties of the individual 
materials into a single electrode in order to increase the stability and capacitance.  
 Also, nanocomposite electrodes are used in asymmetric type supercapacitors, 
specifically to increase the energy density by increasing the operation 
voltage.Nanocomposites have been shown greater synergistic effects than their pristine 
materials. For example, to increase the stability of CPs, carbon-based materials (AC, 
CNTs, graphene) have been used as conductive fillers (CNT/PANI, CNT/PPy, G-PANI, 
G-PPy, G-PEDOT, etc.).  
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Table 9 Specific capacitance of nanocomposites 
Material Capacitance 
Energy/
power 
density 
Remarks 
G–activated carbon 
Composite [62] 
122 F/g (Electrolyte: aqueous 
KOH, 
Method: Two-electrode 
configuration). 
52.2 
Wh/kg 
 
798 m2 /g 
(EMIBF4) with a 4 V 
G and carbon nanotube 
composite [63] 
290.6 F/ g and 201.0 F/g 
(Electrolyte: KCl, 1 M 
TEABF4/PC 
Method: coin cell super cap 
62.8 
Wh/kg 
58.5 
kW/kg 
NA 
SWNT/PPy [64] 
200 F/g ( Electrolyte: 1M NaPF6 
Method: CV at 10 mV/s, three 
electrode) 
NA 
 
33 wt. % SWNT/PPy 
PANI-CNT composites 
[65] 
597.82 ( Electrolyte: 1M H2SO4 
Method: CV at 2 mV/s in three-
electrode configuration) 
NA NA 
G/PANI NF Composites 
[66] 
480 F/g (Electrolyte: 2M H2SO4 
aqueous  
Method: Charging-discharging at 
0.1 A/g, three-electrode) 
NA 
BET surface 
20.2 m2/g 
G/PANI [67] 
1126 F g−1 (Electrolyte: 1M H2SO4, 
Method: three-electrode 
configuration) 
37.9 
Wh/kg at 
141.1Wkg-
1 
NA 
Graphene–PEDOT [68] 
374 F/g ( Electrolyte 2M HCl 
Method: Three-electrode 
configuration) 
NA NA 
G–PPy nanocomposite 
[69] 
417 F/g (Electrolyte: 2M H2SO4  
Method: CV at 10 mV/s) 
94.93 W 
h/kg and 
3797.2 
W/kg 
 
98.62 m2 /g. 
G/PPy [70] 
424 F/g (Electrolyte:  H2SO4 
Method: Charging-discharging 1 A/ 
g, three-electrode) 
NA NA 
G/MnO2 [71] 
256 F/g (Electrolyte: 0.5M aqueous 
Na2SO4 
Method: Charging-discharging at 
0.1 mA/cm2 ) 
NA NA 
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 Carbon-based transition metal oxides or CPs have been used as nanocomposites 
(RuO2/PEDOT, RuO2/Graphene and MnO2/graphene) in reducing the cost of the 
materials and increasing the stability of supercapacitors.  
 In addition, different morphologies, such as nano-fibrillar structure of CPs with 
graphene or CNTs have been considered to increase the capacitance of supercapacitors by 
further increasing the specific area. The performance of nanocomposite electrodes made 
of a combination of carbon-based materials and metal oxides or CP is summarized in 
Table 9 with the respective capacitive performance. These performances are based on 
either two-electrode or three-electrode configurations. Table 9 summarizes the 
performance of some nanocomposite in supercapacitors evaluated in different 
electrochemical evaluation techniques. 
2.5.2 Electrolytes 
 
 The electrolytes used in supercapacitor cells are as significant as the electrode 
materials, because they define the performance of supercapacitors, especially the energy 
density. There are three major types of electrolytes called aqueous, organic and ionic 
liquids (IL). Most of the presently available capacitors are made up using organic 
electrolytes. The electrochemical and physical properties of the electrolytes are the key 
factors of determining the internal resistance (conductivity of electrolytes), and the power 
output (voltage range of the electrolytes) of supercapacitor cells.  
 There are two factors affecting the conductivity of any electrolytes, namely the 
concentration of free charge carriers and the ionic mobility per dissociation ion in the 
electrolytes. Other secondary factors include the solubility, salt concentration, 
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temperature, viscosity and the dielectric constant of the solvent. Further, it is also 
necessary for the solvent to be chemically stable for many hundreds or thousands of 
charge/discharge cycles. 
2.5.2.1 Non-Aqueous Electrolytes  
 
 In general, the use of non-aqueous electrolytes gives higher energy than aqueous 
electrolytes because of the higher operating voltage due to the larger decomposition limit 
of such electrolyte solutions. However, the internal resistance is higher than that of 
aqueous electrolytes by a factor of 20 - 50.  
 The most commonly used solvents for blended non-aqueous electrolytes are listed 
in Table 10. The most common salt used generally consists of lithium ions as these ions 
move very fast under an electric field, and their effective ionic diameter is very small. 
Table 10 Common non-aqueous solvents used in supercapacitor electrolytes [72] 
Solvent Bp./ °C Mp./ °C Permittivity Viscosity (25 oC) / mPa.s 
Propylene carbonate 241 -55 65 2.8 
Dimethylsulfoxide 189 18.5 29.8 1.996 
N, N dimethylformamide 153 -61 30.9 0.92 
Ethylene carbonate 260 37 95 1.92 
Diethyl carbonate 128 -48 - 0.795 
Acetonitrile 82 -45 38 0.369 
Sulfolane 285 26 14.8 10 
ϒ-butyrolactone 204 -44 42 1.7 
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 The preferred solutes are tetraalkylammonium salts of anions that have suitable 
decomposing potentials, such as (PF6)
 - 
and (BF4)
 -
 . On the other hand, IL has been used 
as electrolyte in supercapacitors to take the advantage of the following IL properties. 
 Ionic concentration from 4mM to 6M 
 Wide decomposition voltage up to 5V 
 Wide working temperature 
 Non-flammable and low toxicity 
 Non-corrosive to electrode and packing components 
 Isothermal stability at about 300 °C with no elevated temperature 
 Low conductivity (ranges from 4-14 mS/m at 22°C) is a major drawback of 
having IL in the supercapacitor cells. The solvents like acetonitrile have been used to 
increase the conductivity. IL electrolytes are most suitable in high temperature 
applications of supercapacitors. 
The gel polymer electrolytes are another type of electrolyte used in 
supercapacitors.  They are composed of two phases called ionic conducting medium and 
host polymer matrix. Ionic conductors, such as proton (H
+
) and lithium (Li
+
) are 
entrapped in polymer matrices, such as poly(propylene), poly(vinylidene difluoride), 
poly(tetrafluoroethylene), poly(ethylene oxide) (PEO), polyaniline (PANI) and 
poly(methyl methacrylate) (PMMA). The advantages of using gel polymer electrolytes 
can be listed as follows. 
 Volatile organic free solvents 
 Flexibility of having any size supercapacitors 
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 Light weight 
 High operation voltage up to 4 V 
2.5.2.2 Aqueous Electrolytes 
 
 Available energy is significantly reduced by using aqueous electrolytes in 
supercapacitor cells due to the low operating voltage (typically 1.5V). However, aqueous 
electrolytes tend to have very good kinetic behavior of the electrolyte ions leading to very 
efficient charge-discharge rates. This behavior is due to a relatively high conductivity and 
low viscosity of the concentrated solutions.  
 The internal resistance of these supercapacitors is very low due to the higher 
conductivity (0.8 S/cm for H2SO4) of aqueous electrolytes. Concentrations higher than 
0.2M are sufficient to avoid electrolyte depletion during charging of the supercapacitor. 
The pore size requirements of electrode materials for organic electrolytes (15 -  0 A
 
) are 
also greater than those of aqueous electrolytes (5 - 10 A
 
). 
2.6 Design of Supercapacitor Cells 
 
 A typical supercapacitor cell consists of two active layers with a separator 
between them wetted with an electrolyte as indicated in Figure 19. The overall 
performance of a supercapacitor is limited by the internal resistance, which comprises the 
ionic and electrical resistances. The ionic resistance depends on the ionic conductivity of 
the electrolyte, the porosity of the electrode, separator and the thickness of the electrode. 
The contact resistance between the particles and the contact resistance between the 
current collector and the electrode are the two major sources of electrical resistance.  
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 Surface treatments and a conducting coating on the current collector have shown 
decrease in the resistance at the electrode/current collector interface. The design of 
nanostructured current collectors with an increased contact area is another way to control 
the interface between current collector and electrode. Text fixture configurations for 
laboratory experiments closely mimic the unit cell configuration of a packed cell. Two-
electrode test cells are available commercially or they can be designed and fabricated for 
testing new electrode materials for supercapacitors. A cell fabricated from two stainless 
steel plates is shown in Figure 19. 
 The three-electrode electrochemical cells are composed of a working electrode, a 
reference electrode and a counter electrode. The three-electrode configuration is different 
from the two-electrode configuration as follows. The three-electrode configuration only 
contains one working electrode which is the material being analyzed and counter 
electrode, usually platinum. The reference electrode can be Ag/AgCl. The applied voltage 
and charge transfer across the single electrode is different from the three-electrode 
configuration. 
 
Figure 19  Schematic of test cell assembly (© ACS Publications, reprinted with 
permission) [73] 
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Table 11 Dependence of specific capacitance of composite electrode on the measurement 
technique [76] 
Composite 
Three-electrode cell Two-electrode 
CV 
(F/g) 
Galvanostatic 
discharge (F/g) 
CV (F/g) 
Galvanostatic 
discharge (F/g) 
PPy/MWNTs 506 495 192 200 
PANI/MWNTs 670 650 344 360 
  
 As seen from Table 11, three-electrode system gives higher capacitance values 
(approximately doubled) than the two-electrode system. The three-electrode 
configuration is valuable for the investigation of the material’s chemistry, such as 
diffusion, Faradaic reactions, etc.  
 However, this method can lead to large errors when projecting the capacitance 
and energy storage of an electrode material for supercapacitors. Figure 20 shows the 
difference of cyclic voltammetry measurement of the two-electrode and the three-
electrode configurations. 
 The active material and the thickness of the electrode are the other factors that 
affect the measured capacitance. Supercapacitor electrodes are constructed with different 
thickness for high power density (about 10 µm thick) and for high energy density (several 
hundred microns) [68]. Therefore, laboratory scale test electrodes should be of 
comparable thickness, because thin and very small amounts of material can lead to an 
overstatement of the material’s performance. The thickness dependence, of capacitance 
of a SWCNT-based two-electrode cell with an aqueous electrolyte, has been studied by 
Hu et al [68] and the comparison plot is shown in Figure 21. 
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(a) 
 
(b) 
Figure 20 (a) CV of three-electrode cell  PANI/MWNTs (b) CVof a symmetric capacitor 
based on PANI/MWNTs composite electrode in 1 H2SO4 at scan rate, 2 mV/s. (© 
Elsevier Limited, reprinted with permission) [74] 
 
 
Figure 21 Measured capacitance decrease with an increase of electrode mass. (©National 
Academy of Sciences, reprinted with permission) [75]  
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2.7 Measurement Techniques for Evaluating the Performance of a Supercapacitor 
 
 Performance parameters, such as operating voltage, internal resistance, 
capacitance, power density, energy density, time constant and life cycle should be 
calculated based on currently established and accepted procedures.   
 In order to calculate the above mentioned parameters, some fundamental 
electrochemical measurements should be performed on the supercapacitor cells or 
electrochemical systems. Cyclic Voltammetry (CV), galvanostatic charging/discharging 
and Electrochemical Impedance Spectroscopy (EIS) measurements are employed as 
electrochemical measurement techniques in evaluating the performance of 
supercapacitors. 
2.7.1 Cyclic Voltammetry (CV) 
 
 A fixed potential range is employed to scan the voltage from a lower limit to an 
upper limit and then from the upper limit to the lower limit. The characteristics of the CV 
depend on a number of factors as given below [76][77]. 
 The rate of the electron transfer reactions 
 The chemical reactivity of the electroactive species 
 The voltage scan rate. 
 Typically the current response is plotted against the voltage rather than the time. 
The influence of the voltage scan rate on the current is illustrated in Figure 23 for a 
reversible electron transfer reaction. 
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Figure 22 Voltage as a function of time and current for CV 
 
2.7.1.1 CV as Electrochemical Characterization of Electrodes 
 
 CV can be used as diagnostic tool in interpreting electrode/electrolyte interface 
mechanisms. The behavior of charge transfer (kinetics) and mass transfer (diffusion 
controlled) reactions at the electrode/electrolyte interface can be investigated 
quantitatively and qualitatively. As discussed in section 2.6, the three-electrode 
configuration is used for this characterization purposes.  
 The redox reactions at the electrode surface can be written as              , 
a given solution centration C bulk.  When the diffusion is very fast, the concentration of 
solution at the surface, [Red], is equal to the concentration in the bulk, [Red] =C bulk. 
Then the current in the system is governed by the kinetics. The current is calculated from 
equation 13 [5]. 
         [   ]                                                                 
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where, A(m
2
)  is the surface area of the electrode, [Red] is the concentration of the 
reductor at the surface of the electrode, n is the number of electrons transferred, k0 is the 
reaction rate in the oxidation direction and F is the Faraday constant  (96485 C/mol). 
 When the kinetics are fast, the concentration at the surface electrode is zero, [Red] 
= 0. Then the system is governed by diffusion. The current then depends on the diffusion 
of the reductor from the bulk solution to the electrode surface and is calculated by using 
equation 14 [5]. 
         
[   ]
  ⁄                                                       
where, D (m
2
/s) is the diffusion coefficient. For a large electrode with planar diffusion, 
the Cottrell equation should be used and it is not discussed in this context. 
 Therefore, CV can be used to determine the reaction mechanism. If the current, 
(i), is linearly proportional to the square root of the scan rate (v
1/2
), the electrode reaction 
is controlled by diffusion.  Then the diffusion constant can be calculated from the 
Randles-Sevcik equation [77], as below  
          
                                                            
where, ip  is the peak current, A is the area of the electrode, n is the number of moles of 
electrons transferred per mole of electroactive  species, D is the diffusion coefficient 
(cm
2
/s), C  is the concentration (mol/cm
3
 ) and 
 
v  is the scan rate(V/s).  
The linear relationship between the current and the scan rate of the CV at different 
low scan rates is an indication for the kinetically controlled reaction at the electrode. The 
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CV technique and the above discussed theories are used to analyze the electrochemical 
reactions of graphene-PANI derivative nanocomposites in chapter 4 of this dissertation. 
2.7.1.2 CV of Supercapacitors 
 
CV has been used as a tool for analyzing the performance of supercapacitor cells. 
The governing equation for a constant capacitance capacitor is illustrated in equation 1. 
The same equation can be interpreted as follows in a suitable way to understand the scan 
rate of CV in equation 16 [5]. 
     (    ⁄ )                                                               
where, i is the measured average current, dV/dt is the scan rate and C is the capacitance. 
The CV becomes rectangular for ideal capacitors as shown in Figure 23. 
 
Figure 23 CV of ideal capacitor 
 
CV of most supercapacitors shows deviations from the rectangular shape as 
illustrated in Figure 24.  Some CVs are rectangular with rounded corners and some 
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exhibits abrupt peaks, due to the Faradaic oxidation and reduction reactions at the 
electrode surfaces. The simulation and experimental work on supercapacitors prove that 
the deviation is primarily due to electrolyte resistance, Faradaic reactions, porosity of the 
electrode surface, etc. Figure 24 shows the CV for different solution resistances with the 
deviated rectangular shape. 
 
Figure 24 Simulation of CV with increase in the internal resistance (1, 5,10 ,25 and 50 
ohms) at 20mV/s scan rate with C= 1F, and voltage range for 0 to 1V (© Elsevier 
Limited, reprinted with permission) [78] 
 
 In most supercapacitor studies reported in the literature, the capacitance decreases 
as the scan rate increases. As scan rates are increased, the electrolyte penetration into the 
pores is poor, and less surface area is utilized compared to low scan rates. On the other 
hand, at low scan rates, the electrolyte ions penetrate completely into the pores and utilize 
maximum active material.  
 Significant amount of research has been directed towards optimizing the pore size 
to reduce the ionic resistance and to obtain a high power density for supercapacitors. The 
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specific (gravimetric) capacitance can be calculated from equation 16 by dividing the 
total mass of the electrodes. 
2.7.2 Charge/Discharge of Supercapacitor (Chronoamperometry) 
 
 The operating voltage, specific power, specific energy and specific capacitance 
can be accurately calculated by using the charge/discharge measurement technique (also 
known as chronoamperometry). The initial portion of the discharge curve exhibits a 
sudden drop (IR-drop) due to internal resistance of the cell. The rest of the discharge 
curve is linear for non-Faradaic electrode materials and deviates from linearity for 
pseudocapacitive electrode materials as shown in Figure 25. 
Most supercapacitors are operated in the range of      to approximately 
 
 
     in 
their applications and the recommended method is to use two data points of the discharge 
curve. Then the derivative     ⁄   can be expressed as below in equation 17. 
  
  
 
(     
 
 ⁄     )
       
                                                      
 
Cycle life is also determined by using both CV and charging/discharging cycles. 
The Coulombic efficiency  ƞ  is calculated using charging and discharging curves by 
using equation 18.  
   (
  
  
)                                                                   
where    and    are the charging and discharging times. 
59 
 
 The specific capacitance continues to increase with increasing voltage range and 
the coulombic efficiency decreases dramatically when cycled above 2 V. Also, at high 
voltages, (above ~ 2.2 V) the charging-discharging is not symmetrical. 
 
Figure 25 Galvanostatic charging discharging cycles (a) general representation for EDL 
and pseudocapacitors, and  (b) charging discharging behavior when the internal resistance 
decreases (© Elsevier Limited, reprinted with permission (only Fig. (b)) [78] 
   
2.7.3 Electrochemical Impedance Spectroscopy (EIS) 
 
 EIS is a useful tool in diagnosing the processes like corrosion and understanding 
the interfacial behavior of electrochemical systems. It is also a secondary or 
complimentary method of evaluating the electrochemical interfacial behavior in 
supercapacitors, such as ohmic resistance, charge transfer resistance, interfacial charging, 
mass transfer and diffusion control (sometimes called the Warburg effect from the porous 
structure of the electrode material).  
 Generally, EIS is conducted at the open circuit voltage (OCV) by applying a small 
amplitude of alternative potential (5 ~ 10 mV) in a range of frequency (generally 0.01 to 
100Hz).EIS is also an elegant technique in equivalent circuit modeling and extracting 
model parameters for supercapacitors as shown in Figure 26 [79][80]. Traditional 
capacitor models such as the Randles circuit shown in Figure 26 (c) are inadequate for 
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modeling supercapacitors due to the complexity of the charge storage mechanisms (EDL 
and pseudocapacitance) and the surface morphologies of the electrodes.  
 Figure 26 (c) represents the transmission line model for porous electrodes. Most 
of the supercapacitor studies are based on porous electrodes. Individual pores are 
modeled with pore resistance and a double layer capacitor. Useful information is 
extracted from EIS data by using the complex model for the capacitance. Further, 
evaluation of the time constant and frequency dependent capacitance is also extracted 
from the EIS analysis. 
 
Figure 26 Equivalent circuits of electrochemical systems: (a) A simple capacitor; (b) 
Capacitor with equivalent series resistance (ESR); (c) Capacitor with equivalent series 
resistance and equivalent parallel resistance (EPR); and (d) parallel C, EPR elements 
connected with pore-resistance (Rp) 
 
 The equation 19 gives the impedance of a constant phase element for non-ideal 
capacitor. 
          
 
       
⁄                                                       
where, n is between 0 and 1 and    is a constant. The element is reduced to the ideal 
capacitance, C, when n=1.   
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 EIS is a powerful tool to evaluate the supercapacitor frequency behavior and ESR. 
It is possible to define a complex model of a capacitance as in equation (20) [81][82][83]. 
                                                                               
where,  ′  ω  is the real part of the cell capacitance and  ′′  ω  is the imaginary part of 
the cell capacitance.  ′′  ω  is corresponding to the energy losses in an irreversible 
process. The two components of the capacitance can be written as follows, 
         
     
  |    |  ⁄                                                   
        
     
  |    |  ⁄                                                    
The imaginary part of capacitance goes through a maximum at a frequency,   , which 
defines a time constant as    
 
  
⁄ . The time constant is described as a characteristic 
relaxation time of the whole system (the minimum time to discharge all the energy from the 
device with an efficiency of greater than 50%). Thus, a smaller value indicates a higher rate 
capability.  
2.8 Characterization of Materials for Supercapacitor Electrodes 
 
 Since this dissertation is more focused on the electrode material development for 
supercapacitors, some advanced characterization methods are used to investigate the 
surface morphology, and chemical and physical properties of the synthesized materials. 
These methods include, Scanning Electron Microscopy (SEM), Transmission Electron 
Microscopy (TEM), Raman spectroscopy, Fourier Transform Infrared Microscopy 
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(FTIR), X-ray Diffraction (XRD) and UV-visible spectroscopy techniques. In addition, 
the BET (Brunauer- Emmett - Teller) surface area and pore size distribution was 
investigated on some synthesized materials. Also, Four-probe techniques were employed 
to calculate the DC conductivity of synthesized materials.  
2.8.1 BET Surface Area and Pore Size Distribution Measurement Techniques 
 
 All the materials, CPs and nanocomposites, are in a dry powder form before 
making the electrodes. The surface area of powder materials can be analyzed by the 
physical adsorption of gas (usually Nitrogen or Krypton) on the surface of the powder 
sample kept at liquid nitrogen temperatures. The gas most commonly used is nitrogen, for 
a number of reasons. It is readily available in high purity and liquid nitrogen is the most 
appropriate coolant.  
 Also, the interaction of nitrogen with most solid surfaces is relatively strong and 
there is wide acceptance of the cross-sectional area. The surface area expressed in area 
per mass of the sample (m
2
/g) is calculated using the BET theory. Before the analysis, the 
sample must be preconditioned to remove physically bonded impurities from the surface 
of the powder by applying elevated temperatures to the sample in a vacuum or 
continuously flowing inert gas.   
 The concept of BET theory is an extension of the Langmuir theory, which is a 
theory for monolayer molecular adsorption to multilayer adsorption with the following 
hypotheses: (a) gas molecules physically adsorb on solid layers infinitely; (b) there is no 
interaction between each adsorption layer; and (c) the Langmuir theory can be applied to 
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each layer. The resulting BET equation is expressed by equation 23 and is called the 
adsorption isotherm [84][85]: 
 
  [(
  
 ⁄ )   ]
  
   
   
 (
 
  
)   
 
   
                                            
where,   and    are the equilibrium and the static pressure of adsorption,   is the 
adsorbed gas volume,    is the monolayer adsorbed gas quantity and   is the BET 
constant.  
 Equation 23 can be plotted as a straight line with the quantity 
 
 [(
  
 ⁄ )  ]
 on y-axis 
and    
⁄  on x-axis. This plot is called the BET plot. The linear relationship of this 
equation is maintained only in the range of 0.05 < 
 
  
 < 0.35 [85]. Generally a computer 
program calculates the surface area for a given amount of powder sample by a least-
squares linear regression method.  According to the International Union of Pure and 
Applied Chemistry (IUPAC), isotherms are classified under six-categories. One can 
determine the materials’ porosity range from the shape of the isotherms as shown in 
Figure 28. 
  Microporous solid gives the type I isotherm. It is concave to the P/P0 axis and the 
adsorption amount approaches the limiting value of P/P0→1. The very steep region at low 
P/P0 is due to the filling of the very narrow pores and the limited uptake is dependent on 
the accessible micropore volume rather than on the internal surface area. The Type II 
isotherm is normally given by a nonporous or macroporous adsorbent on which 
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unrestricted monolayer–multilayer adsorption can occur. The Type III isotherm is 
generally associated with the development of patches of multilayers before a uniform 
monolayer has been formed. 
 
Figure 27  The IUPAC classification for adsorption isotherms (© Elsevier Limited, 
reprinted with permission) [86] 
 
 The adsorption of water vapor on a non-porous carbon surface is probably the 
best example of this type of a system. The Type IV isotherm consists of characteristic 
features of a hysteresis loop, which is associated with mesoporous pores. Some 
microporous or mesoporous carbons being amongst the few adsorbents that give the Type 
V water isotherms. The Type VI isotherm is relatively rare, but of particular theoretical 
interest. It represents a stepwise multilayer adsorption on a uniform non-porous surface 
such as graphitized carbon [86]. 
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CHAPTER 3: POLYANILINE DERIVATIVE NANOSTRUCTURES: 
SYNTHESIS, CHARACTERIZATION AND APPLICATION AS ELECTRODE 
MATERIALS 
1
 
 
3.1 Introduction 
 
 This chapter is focused on PANI derivative nanostructure synthesis, 
characterization and the application to supercapacitors [87]. As a preliminary study, 
PANI was synthesized using different methods as described in the literature. The 
oxidative polymerization method has been considered as a less tedious and cost effective 
method of synthesizing PANI for mass-scale production. Therefore, PANI derivatives 
were synthesized by the oxidative polymerization method and characterized by SEM, 
TEM, UV-visible spectroscopy, and FTIR spectroscopy techniques. In addition, a 
comparative study based on the results of the electrochemical analysis was performed for 
using them as electrode materials in supercapacitors.  
3.2 Polyaniline Derivatives as Electrode Materials for Supercapacitors 
 
 PANI is the most studied CP for supercapacitor applications. PANI has been 
investigated as electrode material with different morphologies and different synthesis 
methods. Further, it has been found that the ortho-substituted functional group makes 
PANI more processable in organic solvents. Usually, substituted derivatives of aniline are 
used to copolymerize with aniline to improve the processability of PANI [88]. However, 
                                                 
1
 P. A. Basnayaka, F. Alvi, M. K. Ram, R. Tufts, and A. Kumar, “A  omparative Study on Substituted 
Polyanilines for Supercapacitors”, MRS Proceedings, vol. 1388, 2012. 
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PANI derivatives, such as poly (o-anisidine) (POA) and poly (o-toluidine) (POT) with 
methoxy (-OCH3) and methyl (-CH3) functional groups attached to ortho position of the 
aniline ring have not been well studied for supercapacitor applications.  Therefore, this 
chapter is focused on a comparative study of the properties of POA and POT as active 
electrode material for supercapacitors. 
3.3 Synthesis of PANI Derivatives 
 
 First, PANI was synthesized using different methods, such as oxidative 
polymerization, electrochemical polymerization and emulsion (interfacial) 
polymerization techniques. A preliminary study on structural changes given by different 
synthesis methods was performed. The oxidative polymerization method was used to 
synthesize PANI, POA and POT CPs for the comparative study. 
3.3.1 Interfacial Polymerization of PANI 
 
 Emulsion polymerization or interfacial polymerization is considered a non-
template technique of synthesizing CP nanofibers (NFs) [89][90]. The formation of 
monomer or oligomer/anion aggregation occurs at the liquid-liquid interface due to local 
concentrations of anions and dopant monomer. These aggregations act as nucleation sites 
to form NFs. PANI has been synthesized by interfacial polymerization and with the use 
of different dopants or surfactants in the aqueous phase such as hydrochloric (HCl), nitric 
(HNO3), phosphoric, camphor sulfonic and perchlorate (HClO4) acids [91], while using 
different organic phases, such as hexane, benzene, toluene, chloroform (CHCl3), 
methylene chloride and carbon tetrachloride [92]. It has been found that the quality and 
uniformity of the NFs depend on the concentration of the dopant in an aqueous phase 
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[59]. As an example, the HCl concentrations ranging between 0.5M-2M are preferred for 
high-yield and uniform NFs. 
3.3.1.1 Synthesis of PANI-NF by Interfacial Polymerization 
 
 Aniline monomer (0.02M) was dissolved in chloroform (25 mL) in organic phase. 
The oxidant, 0.02 M Ammonium peroxydisulfate (APS), was dissolved in 1M HCl 
(25 mL) aqueous phase. Then the aqueous phase was transferred to the organic phase for 
the interfacial polymerization at room temperature for 24 hours. The dark green doped 
PANI-NF with the reactant mixture was then filtered and washed with methanol followed 
by DI water. The images of the reaction at different times are shown in Figure 28. 
 
Figure 28 Interfacial polymerization of PANI recorded at (a) 1 min, (b) 15 min, and (c) 2 
hrs. 
 
 The samples were then prepared for SEM and TEM imaging to investigate the 
PANI-NF morphology. Figure 29 shows the PANI-NF obtained in toluene and 
chloroform organic phases. SEM images, taken from two areas of the sample, show 
uniform NFs. The NF prepared in the toluene organic phase was further investigated and 
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the TEM images are shown in Figure 30. The average diameter of the PANI-NF was 30 -
40 nm according to the TEM images shown in Figure 30. 
 
Figure 29 SEM of fibrous PANI obtained from interfacial polymerization; the first raw 
represents the PNAI-NF obtained in chloroform and the second raw represents the PANI-
NF obtained from toluene organic phases 
 
 
Figure 30 TEM images of PANI nanofibers from emulsion polymerization 
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3.3.2 Electrochemical Polymerization 
 
 This technique involves the direct deposition of CPs on the working electrode 
(substrate) without any surfactant or template guide. Some effort had to be put in to form 
a nanowire network of PANI using the electrochemical polymerization methods. Further, 
different substrates, such as Indium Tin Oxide (ITO), silicon and graphite were 
considered for growing PANI-NFs.  
3.3.2.1 Synthesis Method 
 
 First, a 0.1M aniline monomer was dissolved in 1M HClO4. An electrochemical 
cell with a three-electrode configuration (Pt as counter electrode, Ag/AgCl as reference 
electrode and graphite as working electrode) was considered with the electrolyte being 
aniline dissolved in HClO4.The polymerization was carried out with a constant current  of 
0.001mA for 30 min. After polymerization, the working electrode was taken from the cell 
and was washed with DI water for further characterization. 
 
Figure 31 PANI nanowire network by electro-deposition on a graphite substrate 
 
Prior to performing the capacitance study, the morphology of the electrodeposited 
PANI-NF was investigated using the SEM and TEM. Figure 31 shows the SEM images 
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of the nanowire network of PANI, and Figure 32 shows the TEM images of PANI-NF 
obtained by electrochemical deposition. 
 
Figure 32 TEM images of PANI nanowires 
 
 It was observed that PANI nanofibers can be grown on different substrates such 
as ITO and silicon. Nanowire diameters were in the range of 50-60 nm and they were 
little larger than the PANI-NF obtained from interfacial polymerization.  
 On the other hand, the interfacial polymerization technique was easy to be applied 
to synthesize PANI-NF in bulk while electrochemical polymerization was tedious since it 
is restricted to one sample of PANI-NF at a time. 
 In addition to PANI-NF, an attempt was made to form POT and POA-NF 
structures without any initiator. It was found that the polymerization occurred at a slow 
speed unlike PANI. Therefore, the NF formation was not homogenous, and the NF 
structure could only be seen on a few sites on the electrode samples.  
 Figure 33 shows the SEM illustration of the POT-NF inhomogeneous structures. 
The average diameters of fibers sown in Figure 33 are 500 - 900 nm. The observed 
diameter is higher than the diameter of PANI-NF obtained by similar method. 
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Figure 33 SEM fibrous structure of the POT by electropolymerization without an initiator 
 
 With a basic understanding of the polymerization techniques, it can be concluded 
that oxidative polymerization is a practical method to perform a comparative study of 
PANI derivative CPs for capacitors. Therefore, PANI and PANI derivatives (POA and 
POT) were synthesized using oxidative polymerization techniques.  
3.3.3 Oxidative Polymerization of PANI Derivatives 
 
 All reagents for this research work were purchased from Sigma Aldrich, USA, 
and were used without further modification. The oxidative polymerization method was 
used in synthesizing self-doped PANI derivatives in 1M aqueous HCl acidic media. 
Ammonium peroxydisulfate ((NH4)2S2O8) was used as the oxidizing agent.  
 First, the aniline monomer was dissolved in 1M HCl aqueous media and was 
stirred for 30 min. Then, the monomer solution was kept in an ice-water bath at 4~5 
0
C 
temperature. A 0.02M oxidant was dissolved in 1M HCl solution seperately and kept at 
4~5 
0
C temperature. Finally, the oxidant was added slowly to the monomer solution 
being stirred. The final solution was stirred for 24 hours. The precipitation was filtered 
and was washed with deionized water and methanol. Then the material was dried at 100 
0
C in a vacuum oven. 
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3.4 PANI Derivative Characterization 
 
 Several SEM images of the PANI were taken on different samples made in two 
different solvents, NMP and CHCl3. Morphological studies were done on the PANI 
derivatives in a CHCl3 solvent using the SEM. UV-visible spectroscopy and Raman 
spectroscopy were recorded for PANI, POA and POT films. 
3.4.1 The UV-Visible Spectroscopy Study 
 
 
Figure 34 UV-visible spectroscopy of doped and undoped PANI derivatives 
 
 UV-visible spectroscopy measurements of the PANI derivatives in doped and 
undoped form are shown in Figure 34. The characteristic peak at about 380 nm is 
attributed to the π – π * transition of benzene rings in the undoped PANI polymer 
backbone.  
 Characteristic absorbance peaks of the doped polymer are observed at 585 nm in 
the spectra of the PANI derivatives [93][94][95]. They are due to the polaron band 
transitions in the doped form of the PANI derivatives. 
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3.4.2 Scanning Electron Microscopy (SEM) 
 
Figure 36 shows the SEM images of the PANI derivatives. SEM studies revealed 
a variation in the morphology of the PANI, POA and POT. Cracks can be seen on the 
PANI film while the POA film is smooth with no cracks. The POT film has both cracks 
and small pores. The cracks may have occurred during the drying of the sample in an 
oven and due to the limited solubility of PANI. 
 
Figure 35 SEM images of PANI derivatives synthesized by the oxidative polymerization 
method 
   
3.4.3 The Raman Spectroscopy Study 
 
A laser with a 514 nm excitation wavelength was used to record Raman spectra 
for PANI, POA and POT shown in Figure 37. Several characteristic dominating bands 
are observed for the PANI derivatives. The C-C stretching vibrations of benzenoid and 
quinoid rings are located at 1610 and 1385 cm
-1
, respectively. The 1515 cm
-1
 band is due 
to the C=N stretching mode of the quinoid rings.  
The band at 1340 cm
-1
 can be assigned to the C-N stretching vibrations and it 
clearly shows that PANI derivatives are in a doped state. The bands at 853 and 420 cm
-1
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are related to the C-H deformation. The bands at 579 and 522 cm
-1
 are due to the amine 
deformation and N-C torsion, respectively [96].   
 
Figure 36  Raman spectroscopy of the PANI derivatives 
   
3.4.4 Electrochemical Studies 
 
 The CV and the charging-discharging behavior of all the PANI derivatives were 
investigated in 2M H2SO4 electrolyte, recorded at different scan rates (100, 50, 25, 10 and 
5 mV/s) in the two electrode cell. Finally, the specific capacitance comparison was made 
using CV measurements. Also, impedance measurements were carried out in the 
frequency range 100 mHz to 100 kHz.  
 Figure 38 shows the CV characteristics of the PANI derivatives in a two-electrode 
system in 2M H2SO4 electrolyte at different scan rates. It is observed that PANI has a 
wider potential window than the other two derivatives. These CVs exhibit redox 
characteristics of individual PANI. The positive shifts in the position of oxidation peaks 
are associated to the electron transfer properties of the substituent groups in aniline. In 
fact, the shift in the oxidized peak potential can be related to the decrease in the 
polarons/bipolarons or charged states as an increase of substituents in polyanilines. 
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Figure 37 CV measurements of PANI derivatives (a) POA, (b) POT and (c)PANI at 
different scan rates in 2M H2SO4 electrolytes 
  
 In addition, the lower values for the electrochemical reduction potentials for POT 
(662 mV) and POA (637 mV) films can also be noticed in close comparison to the 
polyaniline films (at 780 mV). The change in the oxidation potential value is linked to the 
higher electronic density states due to the substitution in the aromatic ring, which 
facilitates the protonation and the oxidation of the amine group.  
 The specific capacitances of the PANI, POA and POT supercapacitors have been 
calculated from the CV measured at different scan rates by using Equation 16. Figure 38 
shows the calculated specific capacitance as a function of the scan rate. The highest 
capacitance of 380 F/g was calculated for the PANI based supercapacitor at the 5mV/s 
scan rate. 
(a) (b) 
(c) 
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Figure 38 Specific capacitance calculated for PANI derivatives based on CV 
measurements 
 
3.5 Conclusion 
 
 It has been noticed that the solubility of POA and POT is high in organic solvents 
like CHCl3, compared to NMP. Therefore, CHCl3 and NMP were used to make films on 
graphite substrates. The morphology of the PANI derivatives was investigated. The POT 
film was found to be porous, while the PANI film exhibited some cracks. A comparison 
of the capacitive properties was performed with a 2M H2SO4 electrolyte to find that the 
highest capacitance of 380 F/g was exhibited by the PANI based supercapacitor cell. The 
higher capacitance of PANI is due to the high conductivity of the PANI film. After drop 
casting the PANI solution, the samples should be dried at high temperature. PANI 
derivatives can be used as composite materials with graphene to study possible 
improvements in conductivity, surface morphology and capacitance. 
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CHAPTER 4: SYNTHESIS, CHARACTERIZATION AND APPLICATION OF G-
PANI DERIVATIVE NANOCOMPOSITE AS SUPERCAPACITOR 
ELECTRODES 
2, 3
 
 
4.1 Introduction 
 
 Based on the understanding from the PANI derivative supercapacitor studies, G-
PANI derivative nanocomposites were synthesized and characterized to study the 
electrochemical behavior as electrode material for supercapacitors [97][98]. PANI 
derivatives have the advantage of better processability than PANI in organic solvents, 
such as chloroform, NMP and DMSO, which enables uniform films for supercapacitors.  
One objective of this study is the study of the capacitive properties of the G-PANI 
derivative with methyl and methoxy functional groups, and the conductivity effect in the 
presence of graphene.  
 Recent studies have shown that functional graphene and CNT exhibit better 
capacitance, wettability and stability than pure graphene and CNTs. Similarly, different 
functional group attached to CPs can be studied for supercapacitor applications. For this 
reason, an attempt was made to increase the capacitance, operating voltage, stability and 
energy density of the fabricated electrodes based on G-PANI derivatives in different 
electrolytes. 
                                                 
2
 P. A. Basnayaka, M. K. Ram, E. K. Stefanakos, and A. Kumar, “Supercapacitors based on graphene–
polyaniline derivative nanocomposite electrode materials”, Electrochimica Acta, vol. 92, pp. 376–382, 
2013. 
3
 P. A. Basnayaka, M. K. Ram, L. Stefanakos, and A. Kumar, “High performance graphene-poly (o-
anisidine) nanocomposite for supercapacitor applications”, Materials Chemistry and Physics, vol. 141, no. 
1, pp. 263–271, 2013. 
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4.2 Synthesis of G-PANI Derivatives 
 
 A similar method (Oxidative polymerization)  as that used to synthesize PANI 
derivatives was followed to synthesize the G-PANI derivative, with the addition of 
graphene before the drop-wise addition of oxidant to the aniline and the HCl solution 
[99][97]. Figure 39 illustrates the schematic of synthesis route of the G-PANI derivatives.  
 
Figure 39 Schematic of the G-PANI synthesis process 
 
 Previous studies on G-PANI have shown that a 1:1 ratio of aniline to graphene 
gives the highest capacitance. Therefore, the G-POA nanocomposites were synthesized 
by considering different compositions of graphene and o-anisidine.   
 Graphene at different ratios with o-anisidine (10:90, 50:50 and 90:10) was 
considered. The synthesized G-POA materials have been identified as GPOA10, 
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GPOA50 and GPOA90. The G-POA, G-PANI and G-POT nanocomposites were 
synthesized with the weight ratio of 1:1 of graphene to monomer.  
4.3 Physical and Chemical Characterization of G-PANI Derivatives 
 
4.3.1 Morphological Study 
 
 The morphologies of the synthesized G-PANI derivatives were studied by using 
the SEM and TEM techniques. The G-PANI nanocomposite was dissolved in N-methyl-
2-pyrrolidone (NMP) and G-POA and G-POT nanocomposites were dissolved in 
chloroform to make the films on graphite substrates. The films were made by spin 
coating the solution at a 700 rpm speed on graphite substrates.  
 Figure 40 illustrates the SEM image of the G-PANI derivative films. The 
graphene platelets are clearly seen and are thicker in the nanocomposite than in the 
pristine state of the graphene material. The thick platelet-like structure is due to the 
wrapping of the CP around the graphene.  
 
Figure 40 SEM picture of surface morphology of G-PANI derivative at low and high 
magnification [97] 
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 Further studies of the graphene agglomeration and crystallinity of the G-PANI 
derivatives was carried out by TEM images as shown in Figure 41. Graphene platelets 
agglomerated in the CP matrix as can be seen from the TEM images. The conducting 
paths of graphene are seen in TEM pictures and they facilitate the fast electron transfer 
process in charging and discharging of the supercapacitors, specifically, the process is 
effective in PANI derivatives because of the electron donating functional groups. 
 
Figure 41 TEM images of G-PANI derivatives 
   
4.3.2 Analysis of Charge/ion Transport Properties of G-PANI, G-POA and G-POT 
Nanocomposites 
 
 It is always useful to analyze the electrochemical behavior of novel materials that 
are going to be used in the electrochemical systems before any application of the 
materials. The potential scan-rate of CV was used as a diagnostic tool to identify the 
reversible (diffusion-controlled) and irreversible (charge-transfer controlled) kinetics of 
the electrode process.   
 The three-electrode configuration (G-PANI derivative as the working electrode, 
Pt as the counter electrode and Ag/AgCl as the reference electrode) was used to 
investigate the electrochemical properties the G-PANI derivative. All the films of G-
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PANI, G-POA and G-POT (1:1 ratio of aniline to graphene) were casted on Indium Tin 
Oxide (ITO) by spin coating at the 700 rpm speed. CV was measured at 100, 50, 25, 10 
and 5 mV/s scan rates with the use of PGZ300 VOLTALAB workstation. Figure 42 
shows the measured CVs for the nanocomposites of G-PANI derivatives; G-PANI, G-
POA and G-POT.  
 
Figure 42  (a1, b1 and c1): CV measured in a three-electrode configuration for  G-PANI, 
G-POA and G-POT, (a2, b2 and c2): Corresponding linear plots of the anodic peak 
current vs the square root of the scan rate 
 
 The G-PANI and G-POA nanocomposites exhibit four prominent peaks, which 
are related to leucoemeraldine, emeraldine base, emeraldine salt and pernigraniline base 
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states of the PANI [100]. In order to investigate the charge or ion transport properties, the 
relationship of scan rate and peak potentials of each CV were investigates and it was 
found a linear relationship of  the square root of the peak potential and the scan rate 
[101]. This type of behavior is related to the ion diffusion (mass transfer) process of the 
electrode surface. The diffusion control coefficients were estimated by using the Randles-
Sevcik equation (equation 15) for G-PANI, G-POA and G-POT nanocomposites and the 
results are presented in Table 12. The solution was kept unstirred for the CV experiments, 
and therefore, mass transport can occur only by diffusion due to the concentration 
gradients created near the electrode surface. 
Table 12 Diffusion coefficient of G-PANI derivatives 
Nanocomposite Diffusion coefficient (cm
2
/s)/10
-9
 
G-PANI 1.141 
G-POA 1.224 
G-POT 1.054 
 
 The diffusion of ions in the supercapacitor also has an impact on the electrode 
thickness, electrolyte concentration and the porosity of the electrode materials. In 
contrast, the hydrogen ion diffusion coefficient for RuO2 has been reported to be about 
5x10
-18
 cm
2
s
-1
, whereas the diffusion coefficients for active carbon embedded in a porous 
polymer in supercapacitor applications have been reported as 7.2 × 10
−7
 cm
2
s
-1
 for 
potassium thiocyanate (KSCN) in acetonitrile and 9.1 × 10
−8
 cm2s
-1
 for KS N in γ-
butyrolactone. The diffusion coefficient is an indication of how fact charges can be 
released during discharging. The reported diffusion coefficient lies between the RuO2 and 
the carbon based electrochemical systems.  
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4.3.3 FTIR Analysis 
 
 Figure 43 shows the FTIR spectra of the G-PANI, G-POA, G-POT and graphene 
materials. The observed peak at 3300-3500 cm
-1
 is due to the N-H stretching for G-PANI, 
G-POA and G-POT nanocomposite structures [95]. The absorption bands related to the 
quinoid ring and stretching of the benzenoid ring appear at 1600-1500 cm
-1
. The bands 
observed at 3000-3055 cm
-1
 could be due to C-H stretching of the benzenoid ring. The 
band at 1470 cm
-1
 corresponds to the C-H bending of the OCH3-substituted group as 
shown in curve (c).  
 
Figure 43 FTIR spectra of (a) G-PANI, (b) G-POA, (c) G-POT and (d) Graphene 
 
 Due to the symmetric deformation of the CH3-substituted group, the G-POT 
nanocomposite shows a band at 1347cm
-1
 in curve (b) of Figure 43. The bands at 1000-
500 cm
-1
 are associated to o-substituted aromatic rings.  
 Figure 43(d) shows the FTIR spectra of the graphene. There are no significant 
peaks (different type of oxygen functional groups in graphene oxide, such as  stretching 
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vibrations from C=O at 1720 cm
-1
 ,  C-OH stretching vibrations at 1224 cm
-1
 , and C-O 
stretching vibrations at 1053 cm
-1
 ) found in graphene. The characteristic band of 
graphene is observed at 1565 cm
-1 
 and it is related to the skeletal vibration of graphene 
sheets [102]. 
4.3.4 Physical and Chemical Characterization of G-POA for Different Compositions 
 
 An extended study was carried out on G-POA nanocomposites with different 
compositions of graphene and o-anisidine. DC-conductivity, XRD, Raman spectra and 
TGA analysis were performed to understand the compositional effect of the 
nanocomposite on conductivity and thermal stability. Later, the capacitive properties 
were analyzed by employing CV and impedance measurements. The DC conductivity 
was measured by using four-probe techniques and the values are shown in Table 13. 
 The presence of graphene in the POA polymer chain improves the conductivity of 
the nanocomposite material. Superior interactions between graphene and the POA matrix 
also causes conducting channels, as observed in the TEM images that facilitate the 
electron transfer process in improving the conductivity. 
Table 13 DC conductivity of G-POA with different composition of graphene [97] 
Material Conductivity (s/cm) 
POA 3.7x10
-3
 
G-POA10 0.48 
G-POA50 4.06 
G-POA90 7.5 
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Figure 44  Raman spectra for Graphene, POA and G-POAs 
  
 The conductivity of the G-POA50 nanocomposite is 4.06 S/cm, which is about 
1000 times higher than the conductivity of the POA (3.7 x10
-3
 S/cm). The conductivity of  
the G-PANI nanofiber composite containing 44% graphene has been found to be 5.51 
S/cm, which is about 10 times higher than that of the pristine PANI-NFs (0.5 S/cm) 
[103].  It is clear that the graphene filler is more effective in increasing the conductivity 
of POA and POT than PANI. 
 The Raman spectra for graphene and G-POA based nanocomposite materials 
show their distinctive identification in the molecular structures. Raman spectra were 
recorded for POA, graphene, GPOA10, GPOA50 and GPOA90 using the Renishaw 
Raman spectroscopy operating at 514 nm. Figure 44 shows the Raman spectra of POA 
and G-POA films on silicon substrates. The bands appearing at 1626, 1537, 1435, 1375, 
1295, 1250, 1237 and 1151 cm
-1
 correspond to the characteristic bands of the POA 
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structures [104]. The characteristic peaks at 1582 and 2695 cm
−1
  correspond to the G and 
2D bands, where the G band is relatively intense compared to the D band [105][106]. The 
observed change in intensity is due to the multilayer structure of graphene in the 
nanocomposite structures as evident in TEM images. A single layer of graphene shows 
the well-known pronounced G-band at around 1582 cm
-1
 [105][107]. 
 
Figure 45 XRD pattern for G-POAs and POA CP 
 
 The films of POA and G-POAs were fabricated by dissolving the undoped form 
(emeraldine base form) of materials by using chloroform (CHCl3), and drop casted on the 
silicon substrate for the Raman and XRD studies.  X-ray diffraction patterns were 
recorded to investigate the crystallinity of the materials for  θ angles ranging from 5 to 
50 degrees using a Philips XRD tester. The films were re-doped in 0.2 M HCl, and dried 
before the XRD measurements. The XRD patterns of POA and G-POAs are shown in 
Figure 45. A broad peak around 5 to 10 degrees is observed for POA (Figure 45) 
indicating an amorphous structure of POA. The G-POAs nanocomposite reveals a sharp 
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and intensive peak at 26.5 degrees corresponding to the plane (0 0 2), and proves to be a 
highly ordered crystalline structure with an interlayer spacing of 0.336 nm. The peak 
position and intensity vary from sample to sample depending on the number of layers, as 
well as the composition of graphene and o-anisidine. The diffraction intensity shown at (0 
0 2) and (1 0 0) are also indicative of the presence of the graphene in the nanocomposite 
structures [107]. 
 
Figure 46 TGA curves of G-POA at different ratios of Graphene 
 
 Figure 46 depicts the TGA curves of graphene, POA and G-POA 
nanocomposites. Graphene shows a highly stable (only 1% weight loss) behavior with no 
decomposition over the entire operating temperature [108]. The POA and G-POA 
nanocomposites show three weight loss steps. Pure POA displays 10% sudden decrease 
in mass below 100 
0
C, which is due to the water absorbed in the sample or due to the 
volatilization of the solvent.  
 The sudden decrease in temperature around 200 to 250 
0
C could be due to the 
decomposition of the dopant in POA, G-POA50 and G-POA10. The significant weight 
reduction in the third region is due to the full-scale polymer degradation [109]. Based on 
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the TGA study, it can be concluded that the nanocomposites are thermally more stable 
than the pristine PANI derivatives. 
4.4 CV Studies of the G-POAs 
 
 Figure 47 (a) is the supercapacitor cell used to study the performance of G-PANI 
derivative nanocomposite materials. Figure 47 (e) observes the schematic of G-POA 
nanocomposites with different electrolytes used in the supercapacitor applications. Figure 
47 (d1 and d2) shows a schematic of the supercapacitor electrode materials, spacer and 
ions used in the electrochemical study of the G-POA electrode materials, while Figure 47 
(b and c) are the schematics of the nanocomposite with a suggested chemical structure. 
 All the electrochemical studies were performed by fabricating capacitor cells with 
a graphite substrate as illustrated in Figure 47 (a). The CV study for the G-POAs was 
performed using 2M H2SO4 electrolytes. 
 
Figure 47 (a) Fabricated supercapacitor cell; (b) possible chemical structure of the G-
POA film; (c1 and c2) Charging state of the supercapacitor and discharging state of the 
supercapacitor, and (d) cations and anions of used electrolytes 
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 Figure 48 shows the CV measured at a 10 mV/s scan rate for G-POA 
nanocomposites and POA CPs. The experimental conditions (area of the electrodes, mass 
of the electrodes, and thickness of the electrodes) for these measurements were kept 
constant during all the electrochemical measurements of the G-PANI derivative 
nanocomposite-based test cells.  
 It can be concluded that the nanocomposites of G-POA exhibit a better synergistic 
effect than their pristine by observing the current response of CVs in Figure 50. The 
highest CV response was obtained for the G-POA50, which was made with a 1:1 weight 
ratio of graphene to o-anisidine.  
 Based on CV measurements, the specific capacitance values were calculated and 
are shown in Figure 49 as a function of conductivity as well as graphene content. The 
increased capacitance of G-POA50 can be due to the satisfaction of the optimum 
requirements of capacitance, such as composition, conductivity and surface area, etc. 
The highest specific capacitance of 380 F/g was estimated for G-POA50 at the 
scan rate of 5 mV/s in a 2M H2SO4 electrolyte. In contrast, the calculated specific 
capacitance of G-POA10, G-POA90, POA and graphene are 372, 263,320 and 118 F/g 
respectively.  
The enhancement of the specific capacitance is due to the faster Faradaic 
pseudocapacitance effects, surface functionality and higher conductivity due to the 
presence of graphene in the nanocomposite electrode material. The observed higher 
capacitance of the nanocomposite than the graphene could be due to the electron donating 
mothoxy group of PANI in the charging-discharging process of the supercapacitor. 
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Figure 48 CV comparison of POA, G and G-POAs in 2M H2SO4 for scan rates of 10 
mV/s 
 
Figure 49  Specific capacity and conductivity dependence with composition of graphene 
 
Further, the supercapacitor cells of G-POA with the presence of aqueous 
electrolytes (2M H2SO4) and  ionic liquid (1M BMIM-PF6) were tested over 1000 cycles 
of charging-discharging at 1mA/g current density to understand the stability of the 
supercapacitor as illustrated in Figure 50. The supercapacitor studied in aqueous 
electrolytes shows an increase in capacitance for first few cycles and then a 27% 
reduction in capacitance over 1000 cycles.  
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Moreover, a loss of 16% in specific capacitance is observed in 1M BMIM-PF6 
ionic liquid electrolyte, indicating that the supercapacitors are more stable in ionic liquid 
electrolytes than in 2M H2SO4 electrolytes. A similar study based on G-PANI in 1M has 
been found a decrease in capacitance by 21% after 800 cycles [32]. Swelling and 
shrinking of the POA in the nanocomposite is sustained by the G in the nanocomposite 
during the charging and discharging process. The ions of the electrolytes are transported 
into the double layers, at the electrode-electrolyte interface, causing a decrease in the 
concentration of salts/acid in the electrolyte, which limits the energy density (which is 
called depletion).  
Further, the depletion causes the instability in the supercapacitor. Therefore, 
changing the electrolyte from aqueous to ionic is preferable due to the elimination of the 
depletion region, without a change in the concentration of the salt at the operating 
potential. However, there is an increase in the voltage for a smaller capacitance value 
with the use of the ionic liquid. The ionic liquid shows a superior performance and 
environmental stability, ensuring the safe operation and longer life of the supercapacitors. 
 
Figure 50 Specific capacitance over 1000 cycles of charging-discharging for G-POA50 in 
2M H2SO4 and ionic liquid at 1mA/g current density 
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4.5 Comparison of the Capacitance of G-PANI, G-POA and G-POT 
 
 The G-POT was synthesized with a 1:1 ratio of graphene to o-toluidine based on 
the investigation of the electrochemical properties of the G-POA nanocomposite with 
different graphene content as well as the studies based on the literature reported G-PANI 
with different compositions. Finally, a comparative study on G-PANI derivative 
composites was carried out for the capacitance, time constant and the energy/power 
density of G-PANI, G-POA and G-POT nanocomposites.  
  
Figure 51 CV measurements for a G-PANI derivative based supercapacitor 
  
 Figure 51 is the CV recorded for the G-PANI derivatives. One can observe only 
single oxidation and reduction peaks unlike the G-PANI characterization using the three-
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electrode system discussed in section 4.3.2. The reasons for the variations in CV are due 
to the difference in cell configuration and also the thickness of the G-PANI derivative 
films. However, it was also found that the G-PANI based supercapacitor cells were 
governed by diffusion controlled mechanisms by identifying the linear relationship 
between peak potential and square root of scan rate. 
 The specific capacitance of each nanocomposite-based supercapacitor cell was 
calculated using CV and equation 16 at different scan rates as illustrated in Figure 52. 
The G-POT nanocomposite is more effective for the enhancement of the capacitance than 
the G-PANI or the G-POA nanocomposite materials, and could be associated with the 
presence of the electron donating methyl group in the nanocomposite structures [110]. 
The excellent processability of G-POT in chloroform allows the fabrication of very thin 
G-POT films for electrode fabrication. 
 
Figure 52 Calculated specific capacitance with different scan rates 
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The charging and discharging behavior of the supercapacitor cells based on the G-
PANI derivative nanocomposites were measured at 1 mA/g of charging and discharging 
currents, and they are shown in Figure 53. The same electrochemical measurement 
procedure was followed to study the capacitive properties of the G-PANI derivative 
nanocomposite based supercapacitors with different electrolytes, such as LiClO4 and 
ionic Liquid (LiPF6). All the recorded CV measurements are shown in Figure 54. The 
specific capacitance values were calculated and they are less than the values obtained on 
2M H2SO4 aqueous based electrolytes. 
 
Figure 53 Charging/discharging cycle of G-PANI derivative based supercapacitors for 
first few cycles 
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Figure 54 CV measured for G-POT supercapacitors in (a) LiClO4 and (b) ionic liquid 
electrolytes 
 
 The comparison of the specific capacitance of the G-POT in different electrolytes 
was also made. It was observed that high capacitance values are calculated for the 
aqueous based electrode supercapacitor. The specific capacitances calculated with 
different electrolytes at different scan rates are illustrated in Figure 55. 
 
Figure 55 Specific capacitance representation at different electrolytes for G-POT based 
supercapacitors in different electrolytes 
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 The charging and discharging curves for the G-POT in organic and ionic liquid 
electrolytes is shown in Figure 56. It is observed that the highest voltage of 3V is 
obtained with the ionic liquid electrolytes, which is indicative of increasing energy 
density. An extended study on the energy and power density of G-PANI derivative 
nanocomposites was carried out. Equations 3 and 4 were used to calculate the energy and 
power density of the G-PANI derivatives supercapacitor and the values are summarized 
in Table 14. 
 
Figure 56 CV recorded for G-POT nanocomposite supercapacitor in LiClO4 and ionic 
liquid electrolytes 
  
Table 14 Energy and power densities calculated for 2M H2SO4 electrolyte 
Material Energy density / 
(Wh/kg) 
Power density / 
(kW/kg) 
G-PANI 52.8 4.54 
G-POA 38.3 2.51 
G-POT 59.26 5.76 
 
 The G-POT ionic liquid–based supercapacitor reveals an energy density of 123.4 
Wh/kg and a power density of 6.1 kW/kg, at 1 mA/g current density. These estimated 
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values are higher than the previously reported values for the G-CPs nanocomposite based 
supercapacitors. In a 0.2M LiClO4 electrolyte, the supercapacitor cell shows an energy 
density of 87.1 Wh/kg and a power density of 3.7 kW/kg at 1 mA/g. These are reasonably 
high values of energy and power density in an ionic liquid-based supercapacitor and 
suggest that the G-POT nanocomposite could be used as a supercapacitor electrode 
material. 
4.6 Electrochemical Analysis Using EIS Measurements 
 
 EIS measurements were carried out in the frequency range of 100 mHz to 100 
kHz in 2M H2SO4 electrolytes to understand the frequency response of the G-PANI, G-
POA and G-POT nanocomposite electrodes. Theoretical and experimental time constants 
of the supercapacitors of G-PANI, G-POA and G-POT supercapacitors were calculated. 
Figure 57 shows the systematic procedure of analyzing the supercapacitor characteristics 
in terms of EIS measurements [111].  
 Physically meaningful lump elements were used to describe the nanocomposite–
based electrochemical supercapacitor systems. Finally, electrochemical system modeling 
software called, ZMAN was used to fit the experimental data to the equivalent circuit. 
Figure 58 shows the impedance measurements for the G-PANI derivative electrochemical 
system. The semi-circle appearing in the high frequency region is due to the charge 
transfer resistance of the Faradaic reactions.  
 In an earlier section, it was found that the G-PANI derivative nanocomposites 
kinetics are governed by the ion diffusion. The obtained charge transfer resistance values 
are higher as compared to commercial capacitors (in the mΩ range . The recorded high 
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value can be due to low stacking pressure of the graphite substrate in the cell. The 
inclined portion of the impedance at the low frequency range is due to the electrode 
morphology such as the porous structure and it is represented as non-ideal interfacial 
capacitance.  
 
Figure 57 Flowchart for EIS measurements and evaluation procedure [111] 
 
Several impedance spectroscopy models have been found useful for data fitting 
and interpretation of the physical parameters with the lump elements of the circuit. Based 
on the impedance measurement results, an equivalent circuit model shown in Figure 
59(d) was chosen for the following reasons.  In order to include the effect of a non-
uniform pore size distribution in the electrode, a constant phase element (CPE) is used. 
The depression in the semicircle is modeled as the parallel combination of an interfacial 
charge transfer resistance (Rct) and a non-ideal double-layer capacitance (CPE1). 
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Figure 58 Nyquist plots for a G-PANI derivative nanocomposite supercapacitor 
   
 
Figure 59  (a, b and c) Experimental and simulated Nyquist plots of G-PANI based 
supercapacitor cells, and (d) the equivalent circuit used for EIS simulation 
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 Figure 59 ((a), (b) and (c)) shows the modeled curves of the Nyquist plots of  G-
PANI, G-POA and G-POT based supercapacitors  in a 2M H2SO4 under open circuit 
conditions. It is observed that the G-POA-based system has a higher charge transfer 
resistance  10 Ω  than the other studied systems   Ω and 6 Ω . 
 The diffusion coefficient calculated from the CV measurements with a three–
electrode configuration is in agreement with the EIS measurements of the G-PANI 
electrode materials.  This means that the lowest diffusion coefficient obtained for G-POA 
(             ) is in agreement with the high charge transfer resistance  10 Ω  in the 
EIS study. The G-POA is less conducting than the G-PANI and G-POT based 
nanocomposite materials. 
4.7 Dielectric Time Constant of G-PANI Derivative Supercapacitors 
 
4.7.1 Analysis of the Experimental Time Constant 
 
 A qualitative and quantitative analysis of the dielectric behavior of electrode 
materials is important for the development of novel materials for supercapacitor 
electrodes. Apart from the EIS equivalent circuit modeling of G-PANI derivative 
supercapacitors, extracting another critical parameter called, time constant, which 
sometimes is called the dielectric relaxation time constant, was estimated with the help of 
frequency dependent measurements. 
 The real and complex capacitance expressions in equations 21 and 22 were 
plotted over the frequency,      as shown in Figure 60. Experimental relaxation time 
constants of the supercapacitor cells are calculated from the imaginary capacitance curves 
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shown in Figure 60 by the equation,          ,  where    is the relaxation time constant 
and     is the frequency corresponding to the capacitor response. 
 
Figure 60 Real and complex capacitance of G-PANI nanocomposite supercapacitors in a 
2M H2SO4 electrolyte 
  
4.7.2 Analysis of the Theoretical Time Constant 
 
 The time constants are calculated theoretically according to the proposed circuit 
model (RC circuit) by using equations 24, 25 and 26 [82]. In this case it is assumed that, 
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Table 15 Theoretical and experimental time constants for G-PANI nanocomposite 
supercapacitors in 2M H2SO4 electrolytes 
Material Experimental τ / (s) Model τ / (s) 
G-PANI 2.5 3.7 
G-POA 5 7.1 
G-POT 0.6 1.4 
 
 Table 15 summarizes the relaxation time constants calculated from the 
experimental EIS frequency response analysis and the equivalent circuit model 
parameters. The relaxation time constants calculated from two different methods 
(capacitance and impedance results) show a good validation of the proposed equivalent 
circuit without the leakage resistance effect.  
 A high energy discharge rate ( approximately, two times higher than G-PANI and 
three times higher than G-POA) is achieved in the G-POT electrode due to the electron 
donating group of CH3 and the potential of graphene to release the energy within a short 
time. However, G-POT, G-PANI, and G-POA based supercapacitors have shown lower 
relaxation time constants (0.6 s, 2.5 s and 5 s) compared to those reported in the literature 
for carbon-electrode materials (~10 s) [81] . This low relaxation time could be related to 
the surface morphology modification, cell configuration and the higher conductivity 
induced due to the incorporation of graphene in CP nanocomposite materials.   
4.8 Conclusion 
 
 A comparative study of nanocomposite materials based derivatives of PANI, i.e.  
‘methoxy’  -OCH3  aniline and ‘methyl’  -CH3) aniline with graphene (G) has been 
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conducted for supercapacitor applications. The G-(PANI), G-POA and G-POT were 
synthesized by a chemical oxidative polymerization method and characterized to 
understand the nanocomposite formation of the materials. The electrochemical properties 
of G-PANI, G-POA, and G-POT nanocomposites based supercapacitors were 
investigated using CV, galvanostatic charge–discharge and EIS techniques in a 2M 
H2SO4 electrolyte.  
 The specific capacitances (Cp) of supercapacitors based on G-PANI, G-POA, and 
G-POT in 2M H2SO4 electrolytes were estimated to be 400, 380, and 425 F/g, 
respectively. However, POT nanocomposites with graphene exhibited better capacitance 
(425 F/g) than the G-polyaniline or the G-POA based electrode materials. The relaxation 
time constants of 0.6, 2.5, and 5s for the G-POT, G-PANI and G-POA nanocomposite-
based supercapacitors were calculated from the EIS analysis. Thses time constants 
revealed a faster delivery of the stored energy than for the carbon-carbon based 
supercapacitors. The high specific capacitance and small relaxation time constants of the 
G-PANI paved the way for the fabrication of safe and stable supercapacitors.  
  
104 
 
 
 
 
CHAPTER 5: G-PPY NANOCOMPOSITE FOR SUPERCAPACITOR 
ELECTRODE MATERIALS 
4
 
 
5.1 Introduction 
 
The CP, Polypyrrole (PPy), is favorable for various applications due to its ease of 
synthesis, good thermal and environmental stability and high electric conductivity. The 
PPy nanostructures, such as nanoparticles, nanofibers, nanorods, nanowires, 
nanocapsules, nanotubes and nanoribbons have been synthesized by various synthesis 
routes [112][113][114].  
The incorporation of CPs and nanocarbon materials as nanocomposites has 
recently attracted a great deal of attention, because of the excellent conductivity of 
nanocarbon (CNT or graphene) materials, high surface area to form CPs materials and 
good elasticity to accommodate the strain due to volume change of CPs during charging-
discharging.  
This chapter of the dissertation is focused primarily on the oxidative 
polymerization of large-area G-PPy nanohybrid materials to be used as electrode 
materials for supercapacitors [115].  First, the G-PPy nanocomposite was synthesized and 
its surface characterization was carried out by the SEM and BET techniques. The Raman 
spectroscopy and TGA techniques were employed to investigate the chemical, structural 
                                                 
4
 P. A. Basnayaka, M. K. Ram, L. Stefanakos, A. Kumar, “Graphene/Polypyrrole Nanocomposite as 
Electrochemical Supercapacitor Electrode: Electrochemical Impedance Studies”, Graphene, vol. 2, no. 2, 
pp. 81–87, 2013. 
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and thermal stability. Finally, supercapacitor cells fabricated with G-PPy nanocomposites 
were used to evaluate the performance by measuring electrochemical measurements. 
5.2 Synthesis of PPy and G-PPy Nanostructures 
 
The monomer pyrrole (98%), ferric chloride (FeCl3), hydrochloric acid (HCl), 
ethanol and methanol are all A.C.S. grade and purchased from Sigma–Aldrich (USA).  
The graphene platelets (less than 10 nm in thickness) were purchased from Angstron 
Materials (USA). All other chemicals and materials were employed as purchased without 
any modifications unless discussed in the dissertation.  
The graphene-PPy hybrid materials were prepared by in situ polymerization of 
pyrrole monomers in a graphene aqueous (1M HCl) dispersion. Initially, a 0.2 M pyrrole 
monomer was added to 200 ml of a 1 M HCl solution, and stirred for 30 minutes before 
adding the graphene to the resulting solution. The graphene was added slowly and stirred 
for another 45 min. A 100 ml mixture of concentrated HCl and oxidant (0.2M FeCl3) was 
slowly added drop wise to the monomer solution under stirring in an ice bath at 4-5 
0
C 
temperature. The system was kept stirred continuously for 24 hours. Then the solution 
was centrifuged for 20 minutes to precipitate the nanocomposite.  
The prepared nanocomposite was filtered and rinsed with methanol and deionized 
water. Finally, the G-PPy nanocomposite was dried at 100 
0
C in an oven for 24 hours. 
The PPy was synthesized by following the same route without adding graphene. The final 
weight of the nanocomposite and PPy were weighted to calculate the material yield. The 
average yield of the synthesized G-PPy nanocomposite was measured with respect to the 
initial pyrrole monomer and graphene weights for three trials of synthesis. PPy was also 
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synthesized with a similar method except of the addition of graphene and the yield was 
calculated. 
5.3 Characterization of the G-PPy Composite Films 
 
The morphologies and the structure of pure PPy and G-PPy hybrids obtained at 
different magnification using the SEM are shown in Figure 61. A wrinkled paper-like 
structure intrnsic to the graphene is clearly visible in SEM images.  
 
Figure 61 SEM results of PPy and G-PPy nanocomposite 
 
The SEM images of PPy and G-PPy indicate that the morphology of the G-PPy 
hybrid is significantly different from the pure PPy and graphene. The morphology of 
uniform PPy nanoparticles dispersed on the graphene surface can be clearly observed on 
G-PPy nanocomposite. The SEM images also indicate the PPy nanoparticles coated on 
PPy 
G-PPy 
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the graphene surface during the polymerization process. In addition, PPy particles were 
evenly covered on the graphene and no individual graphene and PPy agglomerates could 
be observed, indicating that the nucleation and growth processes only occur on the 
graphene surfaces. On the basis of above experimental results, a formation mechanism of 
G-PPy nanocomposite is depicted in Figure 62.   
 
Figure 62 (a) Schematic of G-PPy nanocomposite formation; (b) possible chemical 
structure of G-PPy, and (c) the Raman spectrum of the G-PPy nanocomposite 
 
The Raman spectrum of G-PPy is shown in Figure 63. The Raman peak at 1584 
cm
−1
 is assigned to C=C backbone stretching and the peak has been attributed to the G 
band of the graphene. The peak at 1330 cm
-1
 corresponds to the D band of graphene. The 
peak at 986 cm
-1
 is assigned to the  ring vibration of PPy, whereas bands 1073 and 1170 
cm
-1
 are due to C-H stretching [106]. The Raman study confirms the presence of PPy and 
graphene in the structure of the G-PPy nanocomposite film. 
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Figure 63 Raman spectrum of G-PPy 
 
The TGA analysis was carried out for the graphene, PPy and the G-PPy 
nanocomposite under a nitrogen atmosphere and a temperatures from room temperature 
to 1000 
0
C. The TGA curves are shown in Figure 64. Graphene shows no dramatic 
decomposition and is comparatively stable, with only 1% mass loss being observed [108]. 
The two step rapid mass loss occurred in PPy at around 140 °C and 350 °C as indicated 
by the two vertical lines in the curve corresponding to PPy, which is attributed to the 
thermal oxidative decomposition of the PPy chains, and only 20% mass remaining for 
pure PPy at 1000 
0
C.  
A two-step rapid mass loss is also observed in the G-PPy nanocomposite as 
indicated by the vertical lines in the curve related to G-PPy. The G-PPy composite shows 
a greater delay in decomposition as compared to pure PPy [116]. The improved thermal 
stability of G-PPy composites indicates that there should be an interfacial interaction 
between graphene with the PPy conducting polymer. Improved thermal stability in 
polymer/graphene composite systems could be due to the attachment of PPy onto the 
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graphene surface as seen in the SEM image in Figure 61. Therefore, it can be concluded 
that G-PPy can sustain thermal stress, as well as stress occurring due to polymer swelling 
during the application of supercapacitors. Weight loss before 100 
0
C can be due to 
absorbed moisture or solvent removal from the samples for the PPy and G-PPy 
nanocomposite. 
 
Figure 64 TGA analysis of graphene, PPy and G-PPy 
 
5.3.1 BET- Surface Area Characterization 
 
Figure 65 is the Nitrogen absorption–desorption isotherm of G-PPy 
nanocomposite powder and Figure 66 represents the BET plot in calculating the surface 
area. The motivation behind the investigation of the G-PPy nanocomposite is to establish 
the Wurburg effect on the impedance of the G-PPy due to the diffusion of ions.  
The Wurburg effect defines the diffusion process of the porous surface structures 
in electrochemistry. The SEM study confirmed that both G-PPy and PPy exhibit 
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mesoporous structure. Further, pore size determination was carried out to characterize the 
surface morphology as meso porous/macro porous or micro porous structures.  
  The nitrogen adsorption–desorption isotherms and pore size distributions (PSD) 
of PPy and G-PPy  materials were further examined by using BET measurements of pore 
size distribution. G-PPy exhibited typical type IV isotherms with mesoporous 
characteristics of G-PPy powder sample nitrogen adsorption isotherm and a BET surface 
area plot shown in Figures 65 and 66.  
 
Figure 65 Nitrogen absorption–desorption isotherm 
 
A higher surface area (260.2 m
2
g
-1
) was calculated for the G-PPy nanocomposite 
than the PPy (37.4 m
2
g
-1
). It was concluded that the addition of graphene in PPy CPs 
matrix considerably increases the surface area of the resultant nano-hybrid G-PPy 
structure. In contrast, the surface area estimated for other nanocomposites are in the range 
between 9-35 m
2
g
-1
. The increased surface area of G-PPy than other CP nanocomposite is 
due to the low density of PPy and the prfect attachment of PPy and graphene. Also, the 
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increased conductivity of G-PPy could be due to the strong attachment of PPy on the 
graphene surface and the low density of PPy as compared to other CPs.  
 
Figure 66 BET surface area plot 
 
 
Figure 67 Pore size distribution of G-PPy nanocomposite 
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 Porosity properties of PPy and G-PPy were also probed by nitrogen adsorption 
isotherms. Figure 67 shows the pore size distribution for G-PPy. It was observed that the 
porosity of the G-PPy materials is in the 5~10 nm range, which is in the range of 
mesopore size distribution (2~50 nm).  
 This confirms the potential of the oxidative polymerization process to produce 
controlled porous G-PPy materials with a 1:1 weight ratio of graphene to pyrrole. Most of 
the pores are in the mesoporous size range and all the ions can diffuse into the pores to 
maintain a large area and contribute to efficient electrochemical reactions for high 
capacitance supercapacitor applications. 
5.3.2 Yield of G-PPy and PPy 
 
The yield of the synthesized materials is important for the mass scale fabrication 
of devices. The synthesis route should be a reliable process and give a high yield of 
materials. For the G-PPy and PPy synthesis method of oxidative polymerization, the yield 
was calculated over three runs and found that the average yield of PPy (81%) was much 
less than the yield of G-PPy (97%).  
A recent study on the synthesis of polypyrrole reported a higher yield of 83.8% by 
using an inverted emulsion polymerization technique [117]. The calculated high yield is 
due to the agglomeration of PPy around the graphene, and the strong attachement of PPy 
on the graphene surfaces. These strong attachments of PPy on the surface of the graphene 
provide short diffusion paths to electrons, and facilitate the electrochemical activities of 
PPy with graphene in the G/PPy nanocomposite. 
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5.4 Frequency Response Analysis 
 
All the electrochemical measurements were carried out in a 1M H2SO4 in a two 
electrode configuration electrochemical cells. Figure 68 shows the measured CV at 
25mV/s for the G-PPy supercapacitor, PPy supercapacitor and just the graphite substrate 
without any active material on it. The G-PPy supercapacitor shows a synergistic effect 
with respect to PPy, graphene or graphite substrate. The shape of the CVs is slightly 
different than an ideal capacitor due to the Faradaic reaction of the CPs and the internal 
resistance. 
 
Figure 68 (a) CV of the G/PPy supercapacitor at different scan rates, (b) CV of the 
G/PPy, PPy, and graphite substrate at a scan rate of 20mV/s in 1M H2SO4 electrolyte 
 
Galvanostatic charge/discharge measurements were carried out at different 
discharge currents for a G-PPy based supercapacitor. Figure 69 shows the 
charge/discharge curves. The specific capacitance of the G-PPy supercapacitor is 
calculated using galvanostatic discharge curves according to Equation 16 and 17. The 
(a) (b) 
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highest specific capacitance is calculated to be 256 F/g at the discharge current density of 
0.5 mA/g for the G-PPy supercapacitor. 
 
Figure 69 Charging-discharging cycles of the G-PPy supercapacitor with a 10 mA 
charging current and different discharging currents in a 1M H2SO4 electrolyte 
 
Figure 70 (a) shows the measured impedance spectrum of G-PPy and PPy 
supercapacitors at room temperature. Figure 70(b) shows the impedance plot for the high 
frequency region, where the equivalent series resistance (ESR) decreases at higher 
frequencies and intersects the real axis at about 5.35 Ω for G-PPy and 5.55 Ω for PPy. 
The low ESR of the G-PPy reveals a higher conductivity of the G-PPy than the PPy due 
to the graphene incorporation in the nanocomposite material. At such high frequencies, 
the capacitor behaves like a simple resistor. 
The region with the 4 ◦ slope, which is called the Warburg region, is a 
consequence of the behavior of the diffusion process at the porous structure and is often 
called the distributed capacitance/resistance of the G-PPy [118]. Finally, at low 
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frequencies (<125 Hz for G-PPy and <36 Hz for PPy), the spectrum approaches a non-
vertical line associated with the adsorption process, charge transfer and surface 
roughness.  
 
Figure 70 (a) Impedance plot over the entire frequency spectrum. (b) High-frequency 
impedance plot, (c) The Bode phase-angle plot 
 
The frequency ‘knee’ in the plot is found at 125 Hz for G-PPy and 36Hz for PPy 
based electrodes. This suggests that most of the energy stored can be accessible below the 
frequencies of 125 Hz for G-PPy and 36Hz for PPy. By comparison, in the literature it is 
reported that the knee frequency for CNT- based capacitors is about 100 Hz [119]. Also, 
for most commercially available electrochemical capacitors, especially designed for high 
power applications, the knee frequency is less than 1 Hz [119][81][120]. Therefore the 
(a) 
(c) 
(b) 
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recorded knee frequency of the G-PPy supercapacitor is unique for high power 
applications. Figure 70(c) shows the Bode phase angle plot of G-PPy and PPy. The phase 
angle is very close to -90
0
 for frequencies up to 1Hz, suggesting the G-PPy 
supercapacitor device behaves as an ideal capacitor at low frequencies. On the other 
hand, the phase angles of the PPy supercapacitor reaches -80
0
, suggesting that the G-PPy 
based supercapacitor behave more like an ideal capacitor than the PPy.  
 
Figure 71 (a) Experimental and simulation plots of the complex-plane impedance, (b) 
High frequency Experimental and simulation plot of the complex-plane impedance, (c)  
Equivalent circuit model 
(a) 
(b) 
(c) 
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A hypothetical electric circuit consists of parameters with well-defined electrical 
properties used to describe the EIS response of the G/PPy-based supercapacitor. Figure 
71(c) is the circuit model with the parameters: Rs, the electrolyte resistance in the cell; R, 
the charge transfer resistance, CPE, a constant phase angle element for a non-ideal 
capacitance, and Zw, the Warburg diffusion.  Figure 71(a) illustrates the EIS 
measurement and simulation of the circuit responses with a good fit and Figure 71(b) is 
the EIS measurement and simulation of the circuit responses in the high-frequency. 
The dependence of the capacitance on frequency is shown in Figure 72. The 
specific capacitances are calculated as 270 F/g and 112 F/g at frequencies 0.1 and 125 
Hz, and show better power performance using a G-PPy electrode. In Figure 72, it is 
observed that the capacitance is fairly constant at low frequencies. 
 
Figure 72 Dependence of capacitance on frequency 
 
The dielectric losses in the supercapacitor due to energy dissipation by an 
irreversible process lead to hysteresis. The time constant (    
 
  
⁄ ) was earlier 
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described as the dielectric relaxation time constant or the supercapacitor factor of merit 
[81][82]. The time constants are calculated to be 8ms and 27ms for G-PPy and PPy based 
supercapacitors. The difference in the time constant is due to structural changes in the 
electrodes of the two electrochemical capacitors. The research on G-PPy as an electrode 
material for supercapacitors was compared with the literature research and comparison is 
shown in Table 16. 
Table 16 G-PPy comparison with literature 
Reference Cell Configuration Capacitance 
[121] Three   M H
 
S 
4 
aqueous solution  
417 F/g   10mV/s  
[122] Two  1M Na l aqueous 
solution  
16  F/g   1 A/g discharge current  
[123] Three  1M H
 
S 
4
 
aqueous solution  
4 4 F/g  1 A/g of discharge 
current  
 ur work  USF-
Advanced materials 
research laboratory  
Two   1M H
 
S 
4
 
aqueous solution  
 67 F/g  0.  mA/g of discharge 
current  
 
5.5 Conclusion 
 
This chapter presented the frequency dependent properties of large-area and high 
yield of G-PPy based supercapacitors in 1M H2SO4 electrolyte, particularly for high-
power applications. The knee frequencies of G-PPy and PPy were found to be 125 and 36 
Hz, respectively. The addition of graphene to the nanocomposite electrode increased the 
knee frequency four fold by reducing the internal resistance of the supercapacitor.  
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The phase angle at the low frequency region is close to -90° for the G-PPy 
supercapacitor indicating a significant reduction of the internal resistance in the G-PPy 
nanocomposite electrode. Furthermore, the calculated specific capacitance of 270 F/g 
from EIS data is close to the value calculated from the galvanostatic charging/discharging 
measurement technique. The electrical circuit model parameters describing the effect of 
the porous structure, ion diffusion in an aqueous electrolyte/ G-PPy, and charge transfer 
effect was presented with a simulation of the G-PPy supercapacitor with a good fit to the 
experimental data.  
The unique pore structure of the G-PPy electrodes and the excellent frequency 
response enables their operation for a number of power applications, and could be used 
for the commercial development of graphene-CP based electrodes.  The significance of 
the increased surface area and specific capacitance of G-PPy synthesized by chemical 
oxidative methods, as reported in this chapter, is clearly shown in Table 4.1.  
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CHAPTER 6: NANOSTRUCTURED PEDOT NANOCOMPOSITES FOR 
SUPERCAPACITOR ELECTRODES 
5
 
 
6.1 Introduction 
 
PEDOT generally synthesized with the incorporation of poly(styrene sulfonate) 
(PSS) to increase the solubility and conductivity. Its conductivity has  been increased 
from 0.2 S cm
−1
 to 103 S cm
−1
 by this method [124]. The significant conductivity 
enhancement is attributed to the preferential solvation of PEDOT: PSS with a co-solvent. 
PEDOT has been used in many applications such as sensors, biosensors, diodes, 
transistors, batteries and supercapacitors. A previous study on G-PEDOT nanocomposite 
showed greater specific capacitance than pristine PEDOT [68]. In this dissertation, 
emphasis is placed on the synthesis PEDOT nanoflake structures and its composite with 
graphene for supercapacitor electrodes.  
To date, most of the supercapacitor studies on PEDOT have been synthesized by 
solution synthesis, electro-spinning, electrochemical polymerization, and hard-template 
synthesis methods [125][126][127]. These PEDOT-based supercapacitors have exhibited 
capacitances ranging from 100 to 210 F/g. In this study, a novel soft-template synthesis 
method was applied to synthesize PEDOT nanostructures in order to enhance the 
capacitive properties of PEDOT-based supercapacitors [128].  The application of these 
nano-flakes as supercapacitor electrodes were discussed with different electrochemical 
                                                 
5
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characterization techniques. Then, on G-PEDOT-PAA nanocomposite was synthesized to 
increase the conductivity, stability and capacitance of supercapacitors compared to the 
PEDOT/PAA based supercapacitors. The capacitance previously studied G-PEDOT has 
been found to be 387 F/g [68], which is a higher capacitance, compared to G-PPy (267 
F/g) and other transition metal oxide based nanocomposites. 
6.2 Poly(acrylic acid) (PAA) Mediated PEDOT Nanostructures 
 
6.2.1 Synthesis of PEDOT/PAA Nanostructures 
 
In particular, PEDOT is a good candidate for supercapacitor electrodes due to its 
higher conductivity, improved electronic properties, and high stability. Poly (3, 4-
ethylenedioxythiophene) (PEDOT) nanostructures were synthesized by oxidative 
polymerization of monomer ‘3, 4-ethylenedioxythiophene’ in the presence of poly 
(acrylic acid) (PAA) and FeCl3 as an oxidizing agent. PAA was used in this study as a 
seeding (soft-template) for nano-flake growth [129][130].   
All the chemicals were purchased from Sigma Aldrich, USA and were A.C.S. 
grade. PEDOT nano-flakes were synthesized chemically in the presence of ferric chloride 
(FeCl3) as the oxidant. First, 10 ml of 0.2 M PEDOT in tetrahydrofuran was added to 40 
ml of 0.009 M PAA H2O/ethanol solution (H2O:ethanol = 3:1) . The PAA (repeating 
unit) to EDOT molar ratio was kept 1:1 in the final solution. Later, 8 ml of 1M FeCl3 
aqueous solution was added and the solution was stirred for 3 days.  
The final precipitates were concentrated by centrifugation and washed with water 
and ethanol several times to remove any reaction byproducts. Some PEDOT nano-flakes 
ware dispersed again in water for further physical characterizations, such as SEM, TEM, 
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and FTIR techniques. The PEDOT-PAA nanocomposites were synthesized in different 
ratios (1:5 and 5:1) of PAA to EDOT to study the influence of PAA in the formation of 
the nanostructure of PEDOT-PAA. The synthesized PAA-PEDOT nanocomposites were 
named as PAA1-PEDOT5 and PAA5-PEDOT1. Graphene was added to the EDOT 
solution and the same synthesis process was followed to evaluate the performance as 
electrode material for supercapacitors.   
6.3 Characterization of PEDOT Nanostructures 
 
Figure 73 shows the SEM images of PEDOT nano-flakes. The flakes are 
uniformly distributed on the surface and are comparatively uniform in sizes and lengths. 
The approximate length of a flake is about 1 µm, measured from the image of Figure 73. 
Figure 75 shows the TEM images of the resulting PEDOT nano-flake dispersion. 
It can be clearly seen that the nano-flakes are well separated from each other, 
provide short diffusion paths and a large-area facilitating PED T’s application in 
supercapacitors. Also close examination reveals that some nano-flakes are folded to form 
nanotube structures. 
 
Figure 73 SEM images of PEDOT nano-flakes at different magnifications (PAA:EDOT 
ratio is 1:1) 
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The surface morphologies of PEDOT-PAA nanocomposites for different ratios of 
PEDOT:PAA are shown in Figure 74. More dense flower-like structures were obtained 
when the PAA molar ratio was increased during the synthesis process. However, when 
the molar ratio was decreased, the obtained flower-like nanostructure changed its shape 
to nanoparticles as can be seen in Figure 74.  
Therefore, the formation of the nano-flake or flower-like structure is attributed to 
the self-assembly of PEDOT in the PAA medium. Similar research has been conducted in 
synthesizing the PANI fibrils-PAA complex to demonstrate the use of PAA as a template 
for the generation of colloidal fibrils of PANI with the help of electrostatic interactions 
between positively charged PANI and negatively charged PAA [130].  
In the present study, PEDOT oligomers were formed and they were attracted to 
negatively charged PAA chains. PEDOT oligomers bonded to PAA served as a template 
for further attachment of monomers to form PED T nanostructures through Π-Π 
arrangements. PEDOT nanoparticles formed without PAA are shown in Figure 74(f) to 
compare the PEDOT structures obtained with the presence of the PAA medium. 
The PEDOT nanostructures were characterized using the FTIR, SEM and TEM 
techniques. The morphology of PEDOT nanostructures revealed flower-like shape 
agglomerates with an increase in the concentrations of PAA. The SEM, TEM and FTIR 
studies revealed that the presence of PAA could only induce a change in morphology 
during polymerization, but could not influence the molecular structure of the PEDOT 
nanostructures. 
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Figure 74 PEDOT-PAA nanostructures for different ratios of PEDOT:PAA 
 
Figure 75 TEM images of PEDOT nano-flake dispersion 
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Figure 76 shows the FTIR spectra of PEDOT nano-flakes. Vibration bands at 
1490 and 1340 cm
–1
 are attributed to the stretching modes of C=C and C–C in the 
thiophene ring. The vibration modes of the C–S bond in the thiophene ring are observed 
at 970 cm
–1 
 and 840 cm
–1  
[129][124][131]. The absorption peak at 1850 cm
–1
 is usually 
associated with the doped state of PEDOT. The broad peak around 3500 cm
-1
 is due to 
the incorporation of water molecules in the PEDOT nano-flakes. 
 
Figure 76 FTIR spectra of PEDOT nano-flakes 
 
6.4 Evaluation of the Capacitive Properties of PEDOT/PAA 
 
The electrochemical capacitive properties of  PEDOT nano-flakes were studied in 
different electrolytes, such as 0.1M LiClO4 and 1M H2SO4 in a three electrode 
configurations, where Ag/AgCl was used as reference, PEDOT nano-flakes mixed with 
nafion was the working electrode and Pt was used as the counter electrode. Figure 77 (a) 
shows the CV for the PEDOT in 1M LiClO4 based electrochemical system.  
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Figure 77 (b) illustrates the specific capacitance at different scan rates in different 
electrolytes. The observed capacitance value of 215 F/g is certainly higher than the other 
PEDOT CPs synthesized by other methods. The higher capacitance is due to the 
increased conductivity of PEDOT under PAA, and the short diffusion paths in the large 
area nano-flake structures. 
 
Figure 77 (a) CV of PEDOT nano-flakes in 1 M H2SO4 electrolytes; (b) specific 
capacitance of PEDOT nano-flakes in 0.1 M LiCLO4 and 1M H2SO4 electrolyte, 
respectively 
 
 
Figure 78 (a) Charging-discharging of PEDOT-1M H2SO4 electrochemical system; (b) 
charging-discharging (oxidation and reduction) states of a PEDOT conducting polymer. 
 
Figure 78 (a) shows the galvanostatic charging-discharging curves for the first 
few cycles of PEDOT-based electrochemical cell in 1 M H2SO4 electrolyte system at 1 
mA/g of charging/discharging current. A 1.25 V is obtained under the given 
127 
 
charging/discharging conditions. The discharging behavior is a combination of 
pseudocapacitive and double layer capacitive effects with an initial small Ohmic drop. 
The Coulombic efficiency  ƞ  is calculated using equation 18 and is estimated to be 89%.  
The oxidation and reduction states of the PEDOT supercapacitor during charging and 
discharging are shown in Figure 78 (b). Figure 79 shows the impedance measurements 
(Nyquist plot) of a PEDOT electrode in 1M H2SO4 electrolyte at zero potential. A small 
semicircle is observed in the impedance plot due to the charge transfer resistance of the 
supercapacitor. The typical capacitive behavior is observed at frequencies less than 10 
Hz. 
 
Figure 79 Nyquist plot for PEDOT-1M H2SO4 electrochemical supercapacitor 
 
6.5 G-PEDOT-PAA Nanostructured Composite Performance Evaluation 
 
6.5.1 Synthesis Method and Morphology 
 
A procedure similar to the one used to obtain a PEDOT nanostructure was 
followed when the G-PEDOT-PAA composite was synthesized except for the addition of 
graphene (10% weight of EDOT monomer) to EDOT solution.  The morphology of the 
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synthesized ternary composite was investigated by SEM. Figure 80 shows the images of 
G-PEDOT-PAA composite. The morphology obtained for the G-PEDOT-PAA is 
different form the PEDOT-PAA nanostructure. The graphene platelets are clearly seen in 
the SEM image and they are covered by the PEDOT-PAA spherical particles as shown in 
Figure 80. 
 
Figure 80 SEM images of G-PEDOT-PAA composite 
 
6.6 Capacitive Performance of G-PEDOT-PAA Nanostructures  
 
The electrochemical performance studies were carried out using a two-electrode 
configuration in a 2M H2SO4 electrolyte. The CV, galvanostatic charging-discharging 
and impedance measurements were employed to evaluate the capacitance, operation 
voltage, and the internal resistance. Figure 81 depicts the CV recorded for the G-PEDOT-
PAA ternary nanocomposite at different scan rates.  
The G-PEDOT-PAA exhibited a comparatively large potential window of 1.6 V 
with a near rectangular shape as observed in Figure 81. This could be due to the 
negatively charged PAA attraction with positively charged PEDOT CP (n – type doped 
PEDOT). 
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At high scan rates, (e.g. 100 mV/s) the CV shape deviates from the rectangular 
shape, whereas at low scan rates (e.g. 25, 10 and 5 mV/s) the CV shape is nearly 
rectangular. This observation is due to the porous morphology of the active electrode 
material. Electrolytes take time to access the pores to contribute to the electrochemical 
reaction or to form a double layer. 
 
Figure 81 CV measurement recoded for G-PEDOT-PAA ternary nanocomposite in 2M 
H2SO4 at different scan rates 
 
 
Figure 82 Comparison of specific capacitance of PEDOT-PAA and G-PEDOT-PAA 
composites in 2M H2SO4 at different scan rate 
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Figure 82 shows the increased specific capacitance of 80 F/g in the ternary G-
PEDOT-PAA system. It could be due to the increased conductivity with the addition of 
graphene. A similar study on G-PTh revealed lower capacitance than both the PEDOT-
PAA and the G-PEDOT-PAA electrodes.  
However, the operating voltage of the G-PEDOT-PAA ternary composite was 
higher than the G-PEDOT-PAA composite. The decreased capacitance may be due to 
lower conductivity of PAA than PSS dopant and ionization. Charging-discharging at 
different current densities were measured and an approximate operating voltage of 1.5 V 
was observed for G-PEDOT-PAA nanocomposite electrode in 2M H2SO4 electrolyte.   
6.7 Conclusion 
 
PEDOT nano-flakes were synthesized in the presence of PAA and it was shown 
that it is an effective method of producing CP nano-flake structures to be used in 
supercapacitor applications. PAA acts as a template for the self-assembly of PEDOT 
nanostructures. The high specific capacitance of 215 F/g was due to the large-area and 
short diffusion paths of the PEDOT nano-flakes. The estimated capacitance was one of 
the highest values compared to the values reported in the literature for PEDOT electrodes 
(less than 190 F/g). 
The study of G-PEDOT-PAA nanocomposite showed an enhancement of the 
capacitance up to 305 F/g. However, the observed capacitance is less than that of G-
PEDOT-PSS supercapacitor. As can be seen from the CV study, the G-PEDOT-PAA can 
be operated in a high working voltage range (1.5 V) with n-type doping and, hence, it 
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could be a promising candidate for asymmetric type capacitor applications when other p-
type electrode materials are used to increase working voltage and energy density. 
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CHAPTER 7: COIN CELL FABRICATION AND TESTING WITH G-CP 
ELECTRODE MATERIALS FOR SUPERCAPACITORS 
 
7.1 Introduction 
 
This chapter is focused on validating the application of G-CP nanocomposite 
electrodes in supercapacitors devices by fabricating and testing coin cell (or button cell) 
supercapacitors with G-CP electrodes. Coin cells are a standard platform for lithium ion 
battery electrode testing. Supercapacitors have the exact physical configuration to 
batteries, that are composed of two electrodes and a separator wetted with electrolyte in 
the middle of the two electrode stack. Supercapacitors charge and discharge in 1-2 
minutes compared to 2-3 hours for batteries.  
Coin cells have been successfully used to test carbon aerogel as supercapacitor 
electrode for 80000 cycles of charging and discharging with a maximum power output of 
4.6 W [132]. Coin cells have many advantages over the customized two electrode test 
fixtures for supercapacitor electrode material testing. Since coin cells have been used in 
researching standard battery electrode materials, accessories of the coin cell are 
commercially available. 
 A coin cell remains sealed from the environment and prevents electrolyte 
evaporation. Furthermore, battery test equipment typically consists of multiple channels 
that enable testing multiple cells at once and thus avoid the need for using multiple test 
fixtures. The internal resistance of a coin cell influences the measured performance of the 
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electrode material. Therefore, control of the pressure on the cells is required in testing 
supercapacitor electrodes [133].  
7.2 Experiment Procedures 
 
7.2.1 Materials 
 
 The coin cell accessories were purchased from MTI Corporation, USA. 
- Stainless Steel-CR2032 button cell cases (20d x 3.2t mm) 
- Meshed CR2032 Coin Cell Cases (20d x 3.2mm) with seal O-rings  
- 316 Stainless Steel Spacer for CR20XX Cell (15.8mm Diam x 0.5 mm) 
- 316 Stainless Steel Wave Spring and Spacer for CR2032 
- Copper foil single side coated by CMS Graphite (241mm L x 200mm W x 
0.05mm T) 
- Copper foil (241mm L x 200mm W x 0.01mm T) 
 Battery Holder for CR2032 
 Electrolytes 
- Ionic liquid (1-Butyl-3-methylimidazolium hexafluorophosphate) was 
purchased from Sigma Aldrich, USA. 
 Electrode materials 
- G-PPY, G-PANI derivatives, G-PTh and G-PEDOT nanocomposites (the 
synthesis methods for these nanocomposites are discussed in previous 
chapters of the dissertation) 
 Industrial type supercapacitors 
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- Cap Super 0.047F 5.5 V Axial capacitors (Panasonic: Gold capacitor). All the 
industrial-type double layer capacitors were purchased from Digi-Key 
Corporation, USA. 
7.2.2 Coin Cell Fabrication 
 
The electrode thicknesses should be in the order of the packaged commercial cells 
(at least 15 µm thick) to be able to compare with commercial supercapacitors. A copper 
foil coated with a graphite powder having 50 µm thicknesses was selected to coat the 
active materials by the spin coating method in the validation process of the G-CP coin 
cell supercapacitors. Figure 83 illustrates the cross section of an electrode used in 
fabricating the coin cell. Electrodes were fabricated by spin coating the G-CPs mixed 
with nafion as a binder. The thicknesses of the active materials were estimated to be in a 
15 µm to 20 µm range.   
 
Figure 83 Cross section of the electrode; Copper foil, graphite layer and nafion mixed 
with G-CPs active material layers( G-PTh) 
 
Figure 84 depicts the stack of a coin cell; two electrodes, separator, spacer spring 
and CR2032 button cell cases, before pressure was applied to assemble the coin cell-type 
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supercapacitor. Separator was wetted with IL electrolyte and placed in-between the two 
electrodes. IL was selected as the electrolyte to prevent corrosion from the use of acidic 
or organic electrolytes. Further, IL provides a wide operating voltage range and the 
energy density can be increased. A hydraulic press was used to press the coin cells.  
 
Figure 84 (a) the stack of coin cell accessories to fabricate the G-CPs supercapacitors and 
a schematic of the cell assembly 
 
The conductivity of the electrolyte, and the contact resistance between 
spacers/electrodes and electrode/coin cell cases are the major contributors to the internal 
resistance of a cell. It has been illustrated in previous research, that the pressure applied 
affects the internal resistance and capacitance of the button cells. Therefore, the pressure 
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applied when fabricating the G-CP based coin cells was optimized to obtain the best 
internal resistance and capacitance properties. Figure 85 illustrates the fabricated coin cell 
in the Nano Materials Research Laboratory at the University of South Florida. 
 
Figure 85 Assembled coin cell and the coin cell holder 
 
7.2.3 Pressure Optimization of Coin Cell  
 
The cells were crimped at different pressures and the dependence of capacitance 
on the applied pressure was studied. Impedance (Figure 86) and CV (Figure 87) 
techniques were used to calculate the capacitance and ESR at each crimping force. First, 
a trial and error method was used to decide the initial force. It was found that the 
minimum possible pressure for sticking the cell cases together was about 1 psi (6.9 kPa). 
The pressure was increased in 0.2 psi steps, and impedance and CV measurements were 
taken at each step. The impedance measured for a G-PTh based supercapacitor was from 
100 kHz to 100 mHz, and the CV measured was at 25 mv/s as shown in Figures 85 and 
86. Internal resistance was found to be decreased with increased applied pressure.  
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The capacitance of the coin cell decreased with increased pressure. The maximum 
capacitance was observed at 1.2 psi from the impedance and CV measurements.  At a 
certain threshold of applied pressure, the electrodes started to collapse on each other, 
limiting the electrolyte’s access to the pores of the electrode surface, resulting a reduction 
in capacitance.  
The CV characteristics of supercapacitors under applied pressures of 1.6 and 1.8 
psi show a behavior closer to a resistor rather than a capacitor, and the fact that the 
observed curves are not closed curves indicates that the cells are not reversible. 
 
Figure 86 Impedance curves of a G-PPy coin cell for different applied loads 
 
Figure 87 shows the CVs recorded for different applied pressures. The impedance 
data related to the CV plots shows a higher capacitance at the applied pressure of 1.2 psi. 
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Further, the CV corresponding to 1.2 psi more closely resembles a rectangular shape, 
indicating that the cell behaves more like an ideal capacitor.  
 
Figure 87 CV recorded for corresponding applied loads in crimping the G-PTh coin cells 
 
Figure 87 is the corresponding CV recorded for different applied loads. The 
impedance data is related to the CV plots showing a higher capacitance at the applied 
load of 1.2 psi. Further, the CV corresponding to 1.2 psi more closely resembles a 
rectangular shape, indicating that the cell behaves more like an ideal capacitor.  
7.3 Performance Evaluation of G-CPs Coin Cell Supercapacitors 
 
All the G-CPs including G-PANI, G-POA, G-POT, G-PEDOT, G-PTh and G-PPy 
nanocomposites were tested as electrodes in coin cell supercapacitors with IL as 
electrolyte in all the cell fabrications. The CV, impedance, and constant current charging-
139 
 
discharging measurements were carried out, and the performance parameters, such as 
capacitance, power density, and energy density were calculated. In addition, the industrial 
supercapacitor cells were also evaluated to understand how well the G-CP cells perform 
compared to them. The performance evaluations were made to compare all types G-CP 
supercapacitor cells mentioned above. All the plots shown in this chapter are based on the 
electrochemical measurements on the G-PTh supercapacitor cell.   
 
Figure 88 CV at different working potentials of G-PTh supercapacitor 
 
Figure 88 exhibits the CV recorded for different working potentials performed at 
5 mV/s scan rate for the G-PTh coin cell. No prominent oxidation or reduction peaks are 
observed as the cell contained IL. The CV was deviated from the rectangular shape due to 
internal resistance and the Faradaic processes occurring in CPs in the nanocomposite. 
Further, the CV of the G-PTh was recorded for different scan rates to compare with the 
CV of industrial type supercapacitors and the results are shown in Figure 89. At low scan 
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rates, no significant oxidation or reduction peaks were observed for the G-PTh coin cell 
and only saturated current was observed over the scanned voltage range.  
 
Figure 89 (a) CV curves at different scan rate for a G-PTh-IL supercapacitor (b) CV at 
the scan rate of 5mV/s 
 
Similarly, a commercially available CAP SUPER radial type supercapacitor (Gold 
capacitor), which is two coin cells assembled in series, manufactured by Panasonic and a 
2.5 V PC10 supercapacitor manufactured by Maxwell Technologies were evaluated using 
the CV and constant current charging-discharging techniques. Figure 90 is the CV 
performance of the disassembled CAP SUPER supercapacitor cell. These supercapacitors 
are recommended for memory back-up for video and audio equipment, cameras, 
telephones, printers, data terminals, rice cookers and intelligent remote control 
applications. The similar CV behaviors, that were deviated from the rectangular shape 
was observed for both CAP SUPER and G-CP coin cells at high scan rates such as 100 or 
50 mV/s. Generally, at high scan rates, the electron transfer characteristics of capacitor 
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cells are not captured by the CV techniques. The CV deviated from the rectangular shape 
was also due to the internal resistance. Similar electrochemical measurements were 
recorded for the Maxwell-PC10 (10F, 2.5V) supercapacitors, and the Figures are shown 
in Appendix A. 
At low scan rates, the CV of G-CPs was deviated more from the rectangular shape 
compared to the CAP SUPER. The CAP SUPER electrodes are made of activated carbon 
and behave more like double layer capacitors with some internal resistance. Therefore, 
the CV behavior of the CAP SUPER is nearly rectangular. In contrast, G-CP exhibits 
both double layer and pseudo type capacitance with an internal resistance higher than that 
of the CAP SUPER supercapacitor.  
The charge discharge behavior of the G-PTh electrode in IL electrolyte 
supercapacitor was investigated by the chronoamperometry method at different charging 
and discharging currents. In G-CPs, both Faradaic and non-Faradaic processes are 
involved in the charging and discharging behavior that make them to deviate from the 
linear discharge behavior of double layer capacitors. The operating voltage of all the G-
CPs was about 3.2 V as shown in Figure 91 which represents the behavior of G-PTh.  
The operating voltage of the coin cells was high compared to the aqueous 
electrolytes due to the high breakdown voltage of the IL and the graphene filler in the 
nanocomposite which prevents CP degrading. In the literature [32], a 4 V operating 
voltage has been reported for graphene based coin cell supercapacitors in the IL 
electrolyte called 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4). A 
supercapacitor with those graphene-based electrodes has exhibited an energy density of 
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85.6 Wh/kg at room temperature and 136 Wh/kg at 80 °C (all based on the total electrode 
weight), measured at a current density of 1 A/g. 
  
Figure 90 5.5V CAP SUPER radial supercapacitor disassembled cell CV performance 
 
In that study, the electrodes have been prepared by mixing graphene with 5% by 
weight Super-P and 10% by weight polytetrafluoroethylene (PTFE) binder. The mass of 
each electrode was 6.6 mg with a diameter of 13 mm [32]. In contrast, the G-CP 
nanocomposite in this research was mixed with a 15% by weight perfluorosulfonate 
polymer (Nafion) that bonds the electrode material to the current collectors of the coin 
cell. Each electrode was of 10 mm in diameter and the total weight of the active material 
was 3.5 ± 0.2 mg. 
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Figure 91 Charging and discharging behavior of G-PTh supercapacitor cells at different 
current densities 
 
 
Figure 92 Charging discharging behavior of a CAP SUPER disassembled cell 
 
The charging and discharging behavior of a disassembled CAP SUPER cell was 
investigated by chronoamperometric techniques for different charging and discharging 
currents. The discharge curves are almost linear, indicating double layer type discharge. 
It was observed from Figures 91 and 92, that the initial IR drop is increased linearly with 
the increased charging current. 
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This behavior is due to the internal resistance of the coin cell. A similar behavior 
was observed in the electrochemical evaluation of G-CP supercapacitor cells with two or 
three electrodes as discussed in chapters 4, 5 and 6. The Internal resistance of all G-CP 
cells is evaluated later in this chapter by using EIS techniques with a hypothetical 
equivalent circuit. Similar charging discharging behavior was observed for the other G-
CP coin cells. 
 Furthermore, the IR drop in a G-CP based supercapacitor cell was found to be 
higher than the CAP SUPER commercial capacitors. This can be due to the contact 
resistance and non-conductive filter paper used as a separator in the G-CP supercapacitor 
cell. In addition, CV was compared for all G-CPs and CAP SUPER and CAP SUPER 
disassembled cells. Figure 93 illustrates the comparison of G-PTh, G-POT, G-PPy, CAP 
SUPER and CAP SUPER disassembled cells at a 10 mV/s scan rate.  
 
Figure 93 CV comparison of G-CPs and CAP SUPER capacitors at 10 mV/s scan rate 
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 Unlike, the CV of G-PTh shown in Figures 87 and 88, the other G-CPs exhibited 
oxidation and reduction peaks in CV at low scan rates like 10 and 5 mV/s. Further, high 
current densities and larger charge accumulations were observed in G-CP coin cell 
supercapacitors. 
7.4 EIS Study of G-CPs Coin Cells 
 
Because of the electroactive nature of the CP in the nanocomposite, EIS 
measurements were employed to characterize supercapacitor cells electrochemically. EIS 
has been widely used as a versatile technique to characterize interfacial and transport 
properties of polymer films, organic-inorganic coatings, and self-assembled monolayers 
adsorbed on the surface of an electrode.  
 
Figure 94 Chemical structures of G-PANI in oxidation and reduction during charging of 
supercapacitor 
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The kinetics analysis at interfaces, such as diffusion coefficient and charge 
transfer resistance becomes relatively easy and accurate with EIS compared to other 
electrochemical techniques, such as CV and chronoamperometric measurements. 
Basically, a small amplitude (5 mV) AC signal is imposed on the equilibrium 
electrochemical system under study and the impedance measurements are taken at 
various frequencies of the applied AC signal. 
When G-PANI is considered, initial electrodes are made of the emeraldine salt 
form of PANI in a nanocomposite. During oxidation and reduction of PANI, the 
nanocomposite is oxidized into pernigraniline at the positive electrode and reduced to 
leucoemeraldine at the negative electrode. Figure 94 shows the change in chemical 
structure during the charging process of G-PANI. Figure 94 shows the electrochemical 
activations that can take place during charging-discharging of the electrode cell (anode) 
on G-PANI in a 2M HCl electrolyte. 
Electro-neutrality within the CP film is essential during the reversible redox 
reaction of CPs, and is facilitated by the movement of ions between the electrode and the 
electrolyte solution (process 2 in Figure 95). This process includes electron transfer at the 
electrode-film interface (process 1), and electron and counter ion-transport in the G-CP 
film (process 2, e.g., H
+
 and Cl
−
 ions when the electrolyte used is a 2M HCl solution). 
The processes that can occur in the electroactive G-CP film and electrolyte system can be 
summarized as follows. 
 Heterogeneous electron transfer due to oxidation and reduction inside the film as 
well as film/solution interface 
147 
 
 Ionic diffusion of H+/Cl- from the solution into the film to maintain electro-
neutrality 
 Ionic transfer (conduction) of H+/Cl− within the film 
 
Figure 95 Summary of processes that may occur at the G-PANI electrodes in the presence 
of  2M HCl 
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Also, electron diffusion or electron hopping in the film can happen to allow flow 
of electrons in the film. In order to understand each process individually, an equivalent 
circuit as shown in Figure 95 was constructed by considering one of the equivalent 
circuits proposed for pseudocapacitive type supercapacitors [23].  
The charge transfer resistance, Rct, is used to represent the overall resistance of 
the heterogeneous transfers of electrons at the metal-film and film-electrolyte interfaces. 
Rf/c represents the real resistances to electronic and ionic diffusion within the film, as well 
as the contact resistance of the current collectors to active materials and the contact 
resistance of materials in the composite film.  
The double layer capacitance due to graphene and CP is represented by Cdl and 
the pseudocapacitance due to Faradaic reaction of electroactive CP is represented by Cf, 
which is in parallel with the double layer in the equivalent circuit.  
Figure 97 depicts the Nyquist diagrams of the G-CP based coin cells. The double 
layer capacitance, pseudocapacitance and solution resistance (internal resistance) 
parameters were found by fitting the experimental frequency response to the expected 
equivalent circuit shown in Figure 96. During the extraction of all the parameters, the R-
squared value was maintained at a value greater than 0.95 to ensure the accurate 
prediction of the lumped models.   
 The experimental results and model fit for the G-PEDOT supercapacitor are 
shown in Figure 98 as an example. A similar procedure was followed for the other G-CP 
based supercapacitors and the extracted model parameters are listed in Table 17. 
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Figure 96 Equivalent circuit and corresponding model described in Figure 100 
 
 
Figure 97 Nyquist plot of G-CP based coin cell supercapacitors 
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Figure 98  Simulation of the equivalent circuit model w.r.t EIS experimental data for the 
G-PEDOT  supercapacitor 
 
Table 17 Extracted model parameters 
Composite Rs/(Ω) Rct/(Ω) Rl/(Ω) Cdl/F Q/F n Rf/c/(Ω) 
G-PANI 2.93 15.93 403M 0.44 0.95 0.78 2.9 
G-POT 4.01 10.741 78G 0.53 1.11 0.60 6.4 
G-POA 7.89 13.45 86.78G 0.45 0.71 0.62 7.25 
G-PPy 10 14.38 923.214 0.56 0.59 0.56 4 
G-PTh 13.6 25.98 371.85M 0.31 0.83 0.70 2.56 
G-PEDOT 9 36.89 28.851G 0.67 0.82 0.62 1.95 
 
It can be observed from Table 17 that all supercapacitor cells have exhibited 
higher pseudocapacitance than double layer capacitance due to the electroactivity of the 
CPs used in the nanocomposite. On the other hand, the leakage resistance is much greater 
151 
 
than the other resistances like solution resistance or charge transfer resistance, indicating 
a less leakage current. The solution resistance of G-CPs (3~14 Ω  is also high compared 
to graphene based supercapacitors (2 Ω . Unlike graphene,  Ps’ chemical states are 
oxidized or reduced at the electrode when the cells are fully charged or fully discharged. 
The conductivities of those fully oxidized or reduced states are much lower than their 
doped states. 
Finally, specific capacitances, energy densities and power densities were 
estimated at a current density of 1.4 A/g, and the results are summarized in Table 18. 
These values are the average values of three measurements for each cell. 
Table 18 Overall performance of G-CP based coin cell supercapacitors 
Composite 
Capacitance 
(F/g) 
Energy density 
(Wh/kg) 
Power density 
(kW/kg) 
G-PANI 291.4 64.2 11.5 
G-POT 312.1 68.8 12.4 
G-POA 280.6 51.6 9.3 
G-PTh 185.4 40.8 7.3 
G-PEDOT 286.3 63.1 9.1 
G-PPy 214.2 47.2 8.5 
 
7.5 Conclusion 
 
The capacitance of the ionic liquid electrolyte exhibited a twofold decrease 
compared to aqueous electrolyte (2M H2SO4). Since energy is proportional to the square 
of the voltage, increasing the operating voltage to 3.2 V using ionic liquids is more 
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significant than increasing the capacitance under a 1.5 V operating voltage using aqueous 
electrolytes. In contrast, a high value of energy density as well as power density was 
observed in the previously studied G-PANI derivative nanocomposite based on basic two 
electrode electrochemical cells. The decreased performance of the electrode material in 
the coin cell supercapacitors is due to the increased internal resistance and the 
consideration of the mass of current collector and the binder. Also, the accessibility of the 
pores by electrolyte was reduced by a partial collapse of the electrodes inside the coin 
cell reducing the capacitance.  
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 
 
8.1 Conclusions 
 
A series of G-CP nanocomposites (G-PANI derivatives, G-PPy and G-PEDOT-
PAA) were synthesized, characterized and evaluated as supercapacitor electrodes. A 
comparative study was conducted to analyze the effect of different functional groups 
(CH3 and OCH3) attached to aniline in a nanocomposite with graphene on the capacitance 
and energy density.  
 Interestingly, the capacitance of G-POT, the methyl functional group attached to 
aniline, is 5% higher than that of the widely studied G-PANI nanocomposite 
electrode material in an aqueous electrolyte (2M H2SO4). A 30% capacitance 
increase was observed in the supercapacitor based on G-POT over the one based 
on pure POT due to the synergistic effect of graphene and POT. 
 A larger surface area (260 m2/g) was observed for the G-PPy nanocomposite 
compared to the PPy (37.7 m2/g), with a higher yield. A specific capacitance of 
267 F/g was obtained due to the increased surface area of the G-PPy by a well-
controlled pore structure.  
 In addition, aqueous (H2SO4), organic electrolyte (LiClO4), and room temperature 
ionic liquid (1M BMIM-PF6) were used as electrolytes, and the supercapacitor 
performances were evaluated. 
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 Acidic based electrolyte systems gave a higher capacitance and ionic liquid 
systems provided a higher operating voltage. 
 The typical working potential of G-CP is less than 1.5 V in an aqueous electrolyte 
solution. However, the cell voltage could be increased using the highly stable 
graphene with the ionic liquid electrolytes in the electrochemical system. 
 The maximum operating voltage achieved by using ionic liquid electrolytes was 
3.2 V. The maximum energy density of 123 Wh/Kg was calculated for the G-POT 
and ionic liquid based supercapacitors. 
 The energy density increased from 59.3 Wh/kg to 123 Wh/kg by changing the 
electrolytes from aqueous to ionic liquids.  The observed energy density is 
significant compared to other G-CPs and Li-Ion batteries.  
 Another major objective was to evaluate all the G-CP nanocomposites considered 
under this research as electrode materials for supercapacitors by using coin cell 
fabrication methods. Coin cells were fabricated using different G-CPs as electroactive 
materials and the fabrication process was optimized in terms of the force applied to crimp 
the cell. A comparative performance evaluation was conducted with a proposed 
equivalent circuit model, and the pseudocapacitance and double layer capacitance were 
extracted by fitting the experimental data to a proposed equivalent circuit.  
 The pseudocapacitance effect is higher in G-PANI derivative nanocomposite 
based supercapacitors than the other G-CP based supercapacitors. 
 It was observed that the leakage resistances are in the range of MΩ and KΩ 
compared to the Ω range of the solution resistance and charge transfer resistance 
for all types of G-CP supercapacitor cells. 
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8.2 Future Work 
 
The next-generation supercapacitors can complement or even replace some 
batteries in a number of applications, where high efficiency, high power, and high level 
of long term reliability are required. It is expected that much more research will be 
carried out towards the development of novel electrode materials and new cell 
configurations due to the rapidly growing demands on supercapacitors. It has been shown 
that the G-CP nanocomposite materials have the advantage of increased capacitance due 
to the synergistic effect, well controlled pore structure, and controlled conductivity. 
However, the self-discharge or leakage current of such supercapacitor cells have never 
been systematically studied. Thus, a complete study of self-discharge should be 
performed targeting the commercialization of G-CP supercapacitors.  
In comparison with the matured technologies of batteries and symmetric 
supercapacitors, the asymmetric supercapacitor technology is still in the initial research 
stage and development is needed to increase the operating voltage. Therefore, research on 
asymmetric type hybrid capacitor cells to increase the working potential as well as the 
capacitance is recommended. This will lead to an improved energy density that can result 
in commercial fabrication. Furthermore, the coin cell fabrication process discussed in this 
dissertation could be improved by replacing the separator wetted liquid electrolytes with 
solid state electrolytes to increase the safety and reliability in evaluating the performance 
of G-CP supercapacitors.  
Finally, further study of the exact energy storage mechanisms for new composite 
materials is needed including computational studies on the effect of pore size on the 
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double layer capacitance. Detailed computational modeling tools at the molecular level 
need to be used to obtain better understanding of the charging-discharging mechanisms, 
self-discharging and capacitance development. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
157 
 
 
 
 
LIST OF REFERENCES 
 
[1]  U.S. Energy Information Administration, Annual Energy Outlook 2012 with 
Projections to 2035, vol. DOE/EIA-0383(2012). 2012. 
[2]  M. Inagaki, H. Konno, and  . Tanaike, “ arbon materials for electrochemical 
capacitors”, Journal of Power Sources, vol. 195, no. 24, pp. 7880–7903, Dec. 2010. 
[3]  G. Wang, L. Zhang, and J. Zhang, “A review of electrode materials for 
electrochemical supercapacitors”, Chem. Soc. Rev., vol. 41, no. 2, pp. 797–828, Jan. 
2012. 
[4]  A. Burke, “Ultracapacitors and Batteries for Hybride Vehicle Applications.” EVS-
23. Long Beach, California, December 2007. 
[5]  B. E. Conway, Electrochemical Supercapacitors: Scientific Fundamentals and 
Technological Applications. Springer, 1999. 
[6]  D. R. Rolison and L. F. Nazar, “Electrochemical energy storage to power the 21st 
century”, MRS Bulletin, vol. 36, no. 07, pp. 486–493, 2011. 
[7]  G. A. Snook, P. Kao, and A. S. Best, “ onducting-polymer-based supercapacitor 
devices and electrodes”, Journal of Power Sources, vol. 196, no. 1, pp. 1–12, Jan. 
2011. 
[8]  Y. Huang, J. Liang, and Y.  hen, “An  verview of the Applications of Graphene-
Based Materials in Supercapacitors”, Small, vol. 8, no. 12, pp. 1805–1834, 2012. 
[9]  H. Pan, J. Li, and Y. Feng, “ arbon Nanotubes for Supercapacitor”, Nanoscale Res 
Lett, vol. 5, no. 3, pp. 654–668, Jan. 2010. 
[10]  Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, X. Li, and L. 
Zhang, “Progress of electrochemical capacitor electrode materials: A review”, 
International Journal of Hydrogen Energy, vol. 34, no. 11, pp. 4889–4899, Jun. 
2009. 
[11]  M.Jayalakshmi and K.Balasubramanian,, “Simple  apacitors to Supercapacitors-
An Overview”, Journal of Electrochemical Science, vol. 3, no. 11, pp. 1196–1217, 
2008. 
158 
 
[12]  A. Yu, V. Chabot, and J. Zhang, Electrochemical supercapacitors for energy 
storage and delivery : fundamentals and applications / Aiping Yu, Victor Chabot, 
and Jiujin Zhang. Boca Raton, FL :  R  Press, c 013.,  013. 
[13]  Becker, H. E., “Low Voltage Electrolytic Capacitor Filed.” US Patent (2800616), 
1957. 
[14]  Trasatti, S.; Buzzanca, G., Ruthenium Dioxide, “New Interesting Electrode 
Material - Solid State Structure and Electrochemical Behaviour. Journal of 
Electroanalytical Chemistry”, Journal of Electroanalytical Chemistry, vol. 29, no. 2, 
p. 1971. 
[15]  R. Kötz and M.  arlen, “Principles and applications of electrochemical capacitors”, 
Electrochimica Acta, vol. 45, no. 15–16, pp. 2483–2498, May 2000. 
[16]  Burke, A.F, “Batteries and Ultracapacitors for electric, hybrid, and fuel cell 
vehicles”, P. IEEE, no. 95, pp. 806–820, 2007. 
[17] Douglas, H.,“Sizing ultracapacitors for hybrid electric vehicles” 31st Annual 
Conference of IEEE, 2005 
[18]  Office of Basic Energy Sciences, "Basic Research Needs For Electrical Energy 
Storage: Report of Basic Energy Sciences" Workshop on Electrical Energy Storage. 
2007. 
[19]  H. Douglas and P. Pillay, “Sizing ultracapacitors for hybrid electric vehicles”, 31st 
Annual Conference of IEEE Industrial Electronics Society, 2005. IECON 2005, 
2005, p. 6 pp.–. 
[20]  J. D. Maclay, J. Brouwer, and G. S. Samuelsen, “Dynamic modeling of hybrid 
energy storage systems coupled to photovoltaic generation in residential 
applications”, Journal of Power Sources, vol. 163, no. 2, pp. 916–925, Jan. 2007. 
[21]  Y. Cheng, J. Van Mierlo, P. Van den Bossche, and P. Lataire, “Using Super 
Capacitor Based Energy Storage to Improve Power Quality in Distributed Power 
Generation”, in Power Electronics and Motion Control Conference, 2006. EPE-
PEMC 2006. 12th International, 2006, pp. 537–543. 
[22]  B. Andrew, “Ultracapacitors: why, how, and where is the technology”, Journal of 
Power Sources, vol. 91, no. 1, 2000. 
[23]  B. E.  onway, V. Birss, and J. Wojtowicz, “The role and utilization of 
pseudocapacitance for energy storage by supercapacitors”, Journal of Power 
Sources, vol. 66, no. 1–2, pp. 1–14, May 1997. 
[24]  M. B. Sassin,  . N.  hervin, D. R. Rolison, and J. W. Long, “Redox Deposition of 
Nanoscale Metal Oxides on Carbon for Next-Generation Electrochemical 
Capacitors”, Acc. Chem. Res., Mar. 2012. 
159 
 
[25]  G. Wang, L. Zhang, and J. Zhang, “A review of electrode materials for 
electrochemical supercapacitors”, Chem. Soc. Rev., vol. 41, no. 2, pp. 797–828, Jan. 
2012. 
[26]  Davies. Aaron, A. Yu, “Material Advancements in Supercapacitors: From 
Activated  arbon to  arbon Nanotube and Graphene”, The Canadian Journal of 
Chemical Engineering, vol. 89, pp. 1342– 1357. 
[27]  A. K. Geim and K. S. Novoselov, “The rise of graphene”, Nat Mater, vol. 6, no. 3, 
pp. 183–191, Mar. 2007. 
[28]  K. Leitner, A. Lerf, M. Winter, J. O. Besenhard, S. Villar-Rodil, F. Suárez-García, 
A. Martínez-Alonso, and J. M. D. Tascón, “Nomex-derived activated carbon fibers 
as electrode materials in carbon based supercapacitors”, Journal of Power Sources, 
vol. 153, no. 2, pp. 419–423, Feb. 2006. 
[29]  U. Fischer, R. Saliger, V. Bock, R. Petricevic, and J. Fricke, “ arbon Aerogels as 
Electrode Material in Supercapacitors”, Journal of Porous Materials, vol. 4, no. 4, 
pp. 281–285, Oct. 1997. 
[30]  F. Beck, M. Dolata, E. Grivei, and N. Probst, “Electrochemical supercapacitors 
based on industrial carbon blacks in aqueous H2SO4”, Journal of Applied 
Electrochemistry, vol. 31, no. 8, pp. 845–853, Aug. 2001. 
[31]  M. Kaempgen,  . K.  han, J. Ma, Y.  ui, and G. Gruner, “Printable Thin Film 
Supercapacitors Using Single-Walled  arbon Nanotubes”, Nano Lett., vol. 9, no. 5, 
pp. 1872–1876, May 2009. 
[32]   . Liu, Z. Yu, D. Neff, A. Zhamu, and B. Z. Jang, “Graphene-Based 
Supercapacitor with an Ultrahigh Energy Density”, Nano Lett., vol. 10, no. 12, pp. 
4863–4868, Dec. 2010. 
[33]  S R C Vivekchand, Chandra Sekhar RouT, K S Subrahmanyam, A Govindaraj and 
C N R Rao, “Graphene-based electrochemical supercapacitors”, vol. 120, no. 1, 
2008. 
[34]  M. D. Stoller, S. Park, Y. Zhu, J. An, and R. S. Ruoff, “Graphene-Based 
Ultracapacitors”, Nano Lett., vol. 8, no. 10, pp. 3498–3502, Oct. 2008. 
[35]  Gideon Moses Jacob, Nanocomposite electrodes for electrochemical 
supercapacitors. Dissertation (McMaster University), 2009. 
[36]  Prashanth Jampani, A. Manivannan, and Prashant N. Kumta, “Advancing the 
Supercapacitor Materials and Technology Frontier for Improving Power Quality”, 
The Electrochemical Society Interface, 2010. 
160 
 
[37]  Hui Xia,a,z Ying Shirley Meng,b, Guoliang Yuan,a Chong Cui,a and Li Luc, “A 
Symmetric RuO2/RuO2 Supercapacitor Operating at 1.6 V by Using a Neutral 
Aqueous Electrolyte”, Electrochemical and Solid-State Letters, vol. 15, no. 4, 2012. 
[38]  J. Zhang, J. Ma, L. L. Zhang, P. Guo, J. Jiang, and X. S. Zhao, “Template Synthesis 
of Tubular Ruthenium  xides for Supercapacitor Applications”, J. Phys. Chem. C, 
vol. 114, no. 32, pp. 13608–13613, Aug. 2010. 
[39]  W. Wei, X.  ui, W.  hen, and D. G. Ivey, “Manganese oxide-based materials as 
electrochemical supercapacitor electrodes”, Chem. Soc. Rev., vol. 40, no. 3, pp. 
1697–1721, Feb. 2011. 
[40]  J. Xu, L. Gao, J.  ao, W. Wang, and Z.  hen, “Preparation and electrochemical 
capacitance of cobalt oxide (Co3O4) nanotubes as supercapacitor material”, 
Electrochimica Acta, vol. 56, no. 2, pp. 732–736, Dec. 2010. 
[41]  K.-W. Nam, W.-S. Yoon, and K.-B. Kim, “X-ray absorption spectroscopy studies 
of nickel oxide thin film electrodes for supercapacitors”, Electrochimica Acta, vol. 
47, no. 19, pp. 3201–3209, Jul. 2002. 
[42]  T. A. Skotheim and J. Reynolds, Eds., Handbook of Conducting Polymers, 2 
Volume Set, 3rd ed. CRC Press, 2007. 
[43]  K. Wang, J. Huang, and Z. Wei, “ onducting Polyaniline Nanowire Arrays for 
High Performance Supercapacitors”, J. Phys. Chem. C, vol. 114, no. 17, pp. 8062–
8067, May 2010. 
[44]  Biplab K. Kuila, Bhanu Nandan, Marcus Böhme, Andreas Janke and Manfred 
Stamm, “Vertically oriented arrays of polyaniline nanorods and their super 
electrochemical properties”, Chem. Commun., pp. 5749–5751, 2009. 
[45]  T. A. Skotheim, Ed., Electronic Structure of Highly Condcuting polymers, vol. 2. 
Marcel Dekker, Inc, NY, 1986. 
[46]  J. Stejskal, A. Riede, D. Hlavatá, J. Prokeš, M. Helmstedt, and P. Holler, “The 
effect of polymerization temperature on molecular weight, crystallinity, and 
electrical conductivity of polyaniline”, Synthetic Metals, vol. 96, no. 1, pp. 55–61, 
Jul. 1998. 
[47]  D. D. Borole a , U. R. Kapadi a , P. P. Kumbhar a & D. G. Hundiwale, “The 
Conductivity of Poly(oanisidine), Poly(o-toluidine) and Their Copolymer with 
Various Inorganic Dopants in the Presence of Electrolyte”, International Journal of 
Polymeric Materials and Polymeric Biomaterials, vol. 54, no. 12, pp. 1087–1105, 
2007. 
[48]  S. S. Pandey, S. Annapoorni, and B. D. Malhotra, “Synthesis and characterization 
of poly(aniline-co-o-anisidine . A processable conducting copolymer”, 
Macromolecules, vol. 26, no. 12, pp. 3190–3193, Jun. 1993. 
161 
 
[49]  T. Abdiryim, Z. Xiao-Gang, and R. Jamal, “Synthesis and characterization of 
poly(o-toluidine) doped with organic sulfonic acid by solid-state polymerization”, 
Journal of Applied Polymer Science, vol. 96, no. 5, pp. 1630–1634, 2005. 
[50]  B.A. Bolto, R. McNeill and D.E. Weiss, “Electronic  onduction in Polymers. III. 
Electronic Properties of Polypyrrole”, Australian Journal of Chemistry, vol. 16, no. 
6, 1963. 
[51]  Gerard Tourillon, “Polythiophene and its derivatives”, Handbook of Conducting 
Polymers, vol. 1, Marcel Dekker, Inc, NY, 1986, pp. 293–350. 
[52]  M. Dietrich, J. Heinze, G. Heywang, F. Jonas, and W. Schmidtberg, 
“Polythiophenes, process for their preparation and their use”, U.S. Patent 
US4959430 A25-Sep-1990. 
[53]  Y. Xia and J.  uyang, “PED T:PSS films with significantly enhanced 
conductivities induced by preferential solvation with cosolvents and their 
application in polymer photovoltaic cells”, J. Mater. Chem., vol. 21, no. 13, pp. 
4927–4936, Mar. 2011. 
[54]  D. Evans, M. Fabretto, M. Mueller, K. Zuber, R. Short, and P. Murphy, “Structure-
directed growth of high conductivity PEDOT from liquid-like oxidant layers during 
vacuum vapor phase polymerization”, J. Mater. Chem., vol. 22, no. 30, pp. 14889–
14895, Jul. 2012. 
[55]  Y. Wang, “Research progress on a novel conductive polymer–poly(3,4-
ethylenedioxythiophene) (PEDOT)”, J. Phys.: Conf. Ser., vol. 152, no. 1, p. 012023, 
Mar. 2009. 
[56]  H. Shirakawa and S. Ikeda, “Infrared Spectra of Poly acetylene ,” Polym J, vol. 2, 
no. 2, pp. 231–244, Mar. 1971. 
[57]  A. J. Heeger, “Solitons in conducting polymers,” Reviews of Modern Physics, vol. 
60, no. 3, 1988. 
[58]  E. Saldivar-Guerra and E. Vivaldo-Lima, Handbook of Polymer Synthesis, 
Characterization, and Processing, 1st ed. Wiley, 2013. 
[59]  J. Huang and R. B. Kaner, “The intrinsic nanofibrillar morphology of polyaniline”, 
Chem. Commun., no. 4, pp. 367–376, Jan. 2006. 
[60]  X. Zhang and S. K. Manohar, “Polyaniline nanofibers: chemical synthesis using 
surfactants”, Chem. Commun., no. 20, pp. 2360–2361, Oct. 2004. 
[61]  R. Liu, S. I.  ho, and S. B. Lee, “Poly 3,4-ethylenedioxythiophene) nanotubes as 
electrode materials for a high-powered supercapacitor”, Nanotechnology, vol. 19, 
no. 21, p. 215710, May 2008. 
162 
 
[62]  Y. Chen, X. Zhang, H. Zhang, X. Sun, D. Zhang, and Y. Ma, “High-performance 
supercapacitors based on a graphene–activated carbon composite prepared by 
chemical activation”, RSC Adv., vol. 2, no. 20, pp. 7747–7753, Aug. 2012. 
[63]  Q. Cheng, J. Tang, J. Ma, H. Zhang, N. Shinya, and L.- . Qin, “Graphene and 
carbon nanotube composite electrodes for supercapacitors with ultra-high energy 
density”, Phys. Chem. Chem. Phys., vol. 13, no. 39, pp. 17615–17624, Sep. 2011. 
[64]  J. Oh, M. E. Kozlov, D. M. Novitski, and R. H. Baughman, “Preparation and 
characterization of electrochemical supercapacitors based on SWNT/PPy 
nanocomposites”, in 2010 10th IEEE Conference on Nanotechnology (IEEE-
NANO), 2010, pp. 499 –502. 
[65]  Ashok K. Sharma1*, Yashpal Sharma2, Rajesh Malhotra2, J.K. Sharma, “Solvent 
tuned PANI-CNT composites as advanced electrode materials for supercapacitor 
application,” Advanced Materials Letters, vol. 3, no. 2, pp. 82–86, 2012. 
[66]  K. Zhang, L. L. Zhang, X. S. Zhao, and J. Wu, “Graphene/Polyaniline Nanofiber 
Composites as Supercapacitor Electrodes”, Chem. Mater., vol. 22, no. 4, pp. 1392–
1401, Feb. 2010. 
[67]  H. Wang, Q. Hao, X. Yang, L. Lu, and X. Wang, “A nanostructured 
graphene/polyaniline hybrid material for supercapacitors”, Nanoscale, vol. 2, no. 
10, pp. 2164–2170, Oct. 2010. 
[68]  F. Alvi, M. K. Ram, P. A. Basnayaka, E. Stefanakos, Y. Goswami, and A. Kumar, 
“Graphene–polyethylenedioxythiophene conducting polymer nanocomposite based 
supercapacitor”, Electrochimica Acta, vol. 56, no. 25, pp. 9406–9412, Oct. 2011. 
[69]  S. Bose, N. H. Kim, T. Kuila, K. Lau, and J. H. Lee, “Electrochemical performance 
of a graphene–polypyrrole nanocomposite as a supercapacitor electrode”, 
Nanotechnology, vol. 22, no. 29, p. 295202, Jul. 2011. 
[70]  H.-H. Chang, C.-K. Chang, Y.-C. Tsai, and C.-S. Liao, “Electrochemically 
synthesized graphene/polypyrrole composites and their use in supercapacitor”, 
Carbon, vol. 50, no. 6, pp. 2331–2336, May 2012. 
[71]  Zhangpeng Li ab, Yongjuan Mi ab, Xiaohong Liu a, Sheng Liu ab, Shengrong 
Yang and Jinqing Wang “Flexible graphene /Mn   composite papers for 
supercapacitor electrodes”, J. Mater. Chem., vol. 21, pp. 14706–14711, 2011. 
[72]  S. S. Sekhon, “ onductivity behaviour of polymer gel electrolytes: Role of 
polymer”, Bull Mater Sci, vol. 26, no. 3, pp. 321–328, Apr. 2003. 
[73]  M. D. Stoller, S. Park, Y. Zhu, J. An, and R. S. Ruoff, “Graphene-Based 
Ultracapacitors”, Nano Lett., vol. 8, no. 10, pp. 3498–3502, Oct. 2008. 
163 
 
[74]  V. Khomenko, E. Frackowiak, and F. Béguin, “Determination of the specific 
capacitance of conducting polymer/nanotubes composite electrodes using different 
cell configurations”, Electrochimica Acta, vol. 50, no. 12, pp. 2499–2506, Apr. 
2005. 
[75]  L. Hu, J. W. Choi, Y. Yang, S. Jeong, F. L. Mantia, L.-F.  ui, and Y.  ui, “Highly 
conductive paper for energy-storage devices”, PNAS, Dec. 2009. 
[76]  Bard a.J. Faulkner L.R, Electrochemical Methods. Fundamentals and Applications, 
2 nd. Wiley. 
[77]  J. Wang, Analytical Electrochemistry, 3rd ed. Wiley-VCH, 2006. 
[78]  Pell W.G. and Conway B.E., “Analysis of power limitations at porous 
supercapacitor electrodes under cyclic voltammetry modulation and dc charge”, 
Journal of Power Sources, vol. 96, no. 1, pp. 57–67, 2001. 
[79] “‘Application note Basics of Electrochemical Impedance Spectroscopy,’ 
http://www.gamry.com/assets/Application-Notes/Basics-of-EIS.pdf.” 
[80]  B. E.  onway and W. G. Pell, “Double-layer and pseudocapacitance types of 
electrochemical capacitors and their applications to the development of hybrid 
devices”, J Solid State Electrochem, vol. 7, no. 9, pp. 637–644, Sep. 2003. 
[81]  P. L. Taberna, P. Simon, and J. F. Fauvarque, “Electrochemical  haracteristics and 
Impedance Spectroscopy Studies of Carbon- arbon Supercapacitors”, J. 
Electrochem. Soc., vol. 150, no. 3, pp. A292–A300, Mar. 2003. 
[82]  V.Daniel, Dielectric Relaxation. Academic Press, London and New York, 1967. 
[83]   . Portet, G. Yushin, and Y. Gogotsi, “Electrochemical performance of carbon 
onions, nanodiamonds, carbon black and multiwalled nanotubes in electrical double 
layer capacitors”, Carbon, vol. 45, no. 13, pp. 2511–2518, Nov. 2007. 
[84]  Brunauer S, Emmett P H & Teller E, “Adsorption of gases in multimolecular 
layers”, Journal of the American Chemical Society, vol. 60, pp. 309–319, 1938. 
[85]  http://en.wikipedia.org/wiki/BET_theory, “BET Theory.” 
[86]  Z. Ryu, J. Zheng, M. Wang, and B. Zhang, “ haracterization of pore size 
distributions on carbonaceous adsorbents by DFT”, Carbon, vol. 37, no. 8, pp. 
1257–1264, Jan. 1999. 
[87]  P. A. Basnayaka, F. Alvi, M. K. Ram, R. Tufts, and A. Kumar, “A  omparative 
Study on Substituted Polyanilines for Supercapacitors”, MRS Proceedings Library, 
vol. 1388, 2012. 
164 
 
[88]  D. J. S. P A Savale, “Synthesis and characterization of poly   -anisidine) films 
under galvanostatic conditions by using E P technique”, Int. J. Electrochem. Sci, 
vol. 2, pp. 595–606, 2007. 
[89]  S. Palaniappan and A. John, “Polyaniline materials by emulsion polymerization 
pathway”, Progress in Polymer Science, vol. 33, no. 7, pp. 732–758, Jul. 2008. 
[90]  M. Ginic-Markovic, J. G. Matisons, R. Cervini, G. P. Simon, and P. M. Fredericks, 
“Synthesis of New Polyaniline/Nanotube  omposites Using Ultrasonically Initiated 
Emulsion Polymerization”, Chem. Mater., vol. 18, no. 26, pp. 6258–6265, Dec. 
2006. 
[91]  Nan-Rong  hiou *abc, L. James Lee a and Arthur J. Epstein *ad, “Porous 
membrane controlled polymerization of nanofibers of polyaniline and its 
derivatives”, J. Mater. Chem., vol. 18, pp. 2085–2089, 2008. 
[92]  D. Zhang and Y. Wang, “Synthesis and applications of one-dimensional nano-
structured polyaniline: An overview”, Materials Science and Engineering: B, vol. 
134, no. 1, pp. 9–19, Sep. 2006. 
[93]  J. Longun, B. Buschle, N. Nguyen, M. Lo, and J.  . Iroh, “ omparison of poly o-
anisidine) and poly(o-anisidine-co-aniline) copolymer synthesized by chemical 
oxidative method”, Journal of Applied Polymer Science, vol. 118, no. 6, pp. 3123–
3130, 2010. 
[94]  P. Bertoncello, A. Notargiacomo, D. J. Riley, M. K. Ram, and C. Nicolini, 
“Preparation, characterization and electrochemical properties of Nafion (R) doped 
poly(ortho-anisidine) Langmuir-Schaefer films”, Electrochemistry Communications, 
vol. 5, Iss 9, pp. 787–792, 2003. 
[95]  J. Shi, Q. Wu, R. Li, Y. Zhu, Y. Qin, and  . Qiao, “The pH-controlled morphology 
transition of polyaniline from nanofibers to nanospheres”, Nanotechnology, vol. 24, 
no. 17, p. 175602, May 2013. 
[96]  A. Gruger, A. Novak, A. Régis, and P.  olomban, “Infrared and Raman study of 
polyaniline Part II: Influence of ortho substituents on hydrogen bonding and 
UV/Vis—near-IR electron charge transfer”, Journal of Molecular Structure, vol. 
328, pp. 153–167, Dec. 1994. 
[97]  P. A. Basnayaka, M. K. Ram, E. K. Stefanakos, and A. Kumar, “Supercapacitors 
based on graphene–polyaniline derivative nanocomposite electrode materials”, 
Electrochimica Acta, vol. 92, pp. 376–382, Mar. 2013. 
[98]  P. A. Basnayaka, M. K. Ram, L. Stefanakos, and A. Kumar, “High performance 
graphene-poly (o-anisidine) nanocomposite for supercapacitor applications”, 
Materials Chemistry and Physics, vol. 141, no. 1, pp. 263–271, Aug. 2013. 
165 
 
[99]  H. Gómez, M. K. Ram, F. Alvi, P. Villalba, E. (Lee) Stefanakos, and A. Kumar, 
“Graphene-conducting polymer nanocomposite as novel electrode for 
supercapacitors”, Journal of Power Sources, vol. 196, no. 8, pp. 4102–4108, Apr. 
2011. 
[100]  S. Paddeu, M. K. Ram, S.  arrara, and  . Nicolini, “Langmuir-Schaefer films of 
a poly(o-anisidine  conducting polymer for sensors and displays”, Nanotechnology, 
vol. 9, no. 3, p. 228, Sep. 1998. 
[101]  B. Duran, M. C. Turhan, G. Bereket, and A. S. Saraç, “Electropolymerization, 
characterization and corrosion performance of poly(N-ethylaniline  on copper”, 
Electrochimica Acta, vol. 55, no. 1, pp. 104–112, Dec. 2009. 
[102]  P. Lian, X. Zhu, S. Liang, Z. Li, W. Yang, and H. Wang, “Large reversible 
capacity of high quality graphene sheets as an anode material for lithium-ion 
batteries”, Electrochimica Acta, vol. 55, no. 12, pp. 3909–3914, Apr. 2010. 
[103]  Q. Wu, Y. Xu, Z. Yao, A. Liu, and G. Shi, “Supercapacitors Based on Flexible 
Graphene/Polyaniline Nanofiber  omposite Films”, ACS Nano, vol. 4, no. 4, pp. 
1963–1970, Apr. 2010. 
[104]  K. Berrada, S. Quillard, G. Louam, and S. Lefrant, “Polyanilines and substituted 
polyanilines: a comparative study of the Raman spectra of leucoemeraldine, 
emeraldine and pernigraniline”, Synthetic Metals, vol. 69, no. 1–3, pp. 201–204, 
Mar. 1995. 
[105]  I.  alizo, A. A. Balandin, W. Bao, F. Miao, and  . N. Lau, “Temperature 
Dependence of the Raman Spectra of Graphene and Graphene Multilayers”, Nano 
Lett., vol. 7, no. 9, pp. 2645–2649, Sep. 2007. 
[106]  A. C. Ferrari,1,* J. C. Meyer,2 V. Scardaci,1 C. Casiraghi,1 M. Lazzeri,3 F. 
Mauri,3 S. Piscanec,1 D. Jiang,4 K. S. Novoselov,4 S. Roth,2 and A. K. Geim4, 
“Raman Spectrum of Graphene and Graphene Layers,” Physical Review Letters, 
vol. 97, 2006. 
[107]  K. S. Subrahmanyam, S. R.  . Vivekchand, A. Govindaraj, and  . N. R. Rao, “A 
study of graphenes prepared by different methods: characterization, properties and 
solubilization”, J. Mater. Chem., vol. 18, no. 13, pp. 1517–1523, Mar. 2008. 
[108]  V.  habot, B. Kim, B. Sloper,  . Tzoganakis, and A. Yu, “High yield production 
and purification of few layer graphene by Gum Arabic assisted physical sonication”, 
Sci. Rep., vol. 3, Mar. 2013. 
[109]  Y. Wei and K. F. Hsueh, “Thermal analysis of chemically synthesized 
polyaniline and effects of thermal aging on conductivity”, Journal of Polymer 
Science Part A: Polymer Chemistry, vol. 27, no. 13, pp. 4351–4363, 1989. 
166 
 
[110]  C. Sivakumar, J.-N. Nian, and H. Teng, “Poly o-toluidine) for carbon fabric 
electrode modification to enhance the electrochemical capacitance and 
conductivity”, Journal of Power Sources, vol. 144, no. 1, pp. 295–301, Jun. 2005. 
[111]  E. Barsoukov and J. R. Macdonald, Impedance Spectroscopy: Theory, 
Experiment, and Applications. John Wiley & Sons, 2005. 
[112]  I. S.  hronakis, S. Grapenson, and A. Jakob, “ onductive polypyrrole nanofibers 
via electrospinning: Electrical and morphological properties”, Polymer, vol. 47, no. 
5, pp. 1597–1603, Feb. 2006. 
[113]  X. Zhang and S. K. Manohar, “Bulk synthesis of polypyrrole nanofibers by a 
seeding approach”, J. Am. Chem. Soc., vol. 126, no. 40, pp. 12714–12715, Oct. 
2004. 
[114]  M. Wei and Y. Lu, “Templating fabrication of polypyrrole nanorods/nanofibers,” 
Synthetic Metals, vol. 159, no. 11, pp. 1061–1066, Jun. 2009. 
[115]  Punya A. Basnayaka, Manoj K. Ram, Lee Stefanakos, Ashok Kumar, 
“Graphene/Polypyrrole Nanocomposite as Electrochemical Supercapacitor 
Electrode: Electrochemical Impedance Studies”, Graphene, vol. 2, no. 2, pp. 81–87, 
2013. 
[116]  F. Mohammad, P. D.  alvert, and N.  . Billingham, “Thermal stability of 
electrochemically prepared polythiophene and polypyrrole”, Bull. Mater. Sci., vol. 
18, no. 3, pp. 255–261, Jun. 1995. 
[117]  V. V. Karambelkar, J. D. Ekhe, and S. N. Paul, “High yield polypyrrole: A novel 
approach to synthesis and characterization”, J Mater Sci, vol. 46, no. 16, pp. 5324–
5331, Aug. 2011. 
[118]  Betzaida Batalla García, Aaron M. Feaver,1 Qifeng Zhang, Richard D. 
Champion, Guozhong Cao, Tim T. Fister, Ken P. Nagle, and Gerald T. Seidler, 
“Effect of pore morphology on the electrochemical properties of electric double 
layer carbon cryogel supercapacitors,” J. of Applied Physics, vol. 104, pp. 014305–
1–014305–9, 2008. 
[119]   . Niu, E. K. Sichel, R. Hoch, D. Moy, and H. Tennent, “High power 
electrochemical capacitors based on carbon nanotube electrodes”, Applied Physics 
Letters, vol. 70, no. 11, pp. 1480 –1482, Mar. 1997. 
[120]  J. Gamby, P. . Taberna, P. Simon, and J. F. Fauvarque, “Studies and 
characterization of various activated carbons used for carbon/carbon 
supercapacitors”, vol. 101, pp. 109–116, 2001. 
[121]  S. Bose, N. H. Kim, T. Kuila, K. Lau, and J. H. Lee, “Electrochemical 
performance of a graphene–polypyrrole nanocomposite as a supercapacitor 
electrode”, Nanotechnology, vol. 22, no. 29, p. 295202, Jul. 2011. 
167 
 
[122]  S. Biswas and L. T. Drzal, “Multilayered Nanoarchitecture of Graphene 
Nanosheets and Polypyrrole Nanowires for High Performance Supercapacitor 
Electrodes”, Chem. Mater., vol. 22, no. 20, pp. 5667–5671, Oct. 2010. 
[123]  H.-H. Chang, C.-K. Chang, Y.-C. Tsai, and C.-S. Liao, “Electrochemically 
synthesized graphene/polypyrrole composites and their use in supercapacitor”, 
Carbon, vol. 50, no. 6, pp. 2331–2336, May 2012. 
[124]  M. Reyes-Reyes, I. Cruz-Cruz, and R. López-Sandoval, “Enhancement of the 
Electrical  onductivity in PED T:PSS Films by the Addition of Dimethyl Sulfate”, 
J. Phys. Chem. C, vol. 114, no. 47, pp. 20220–20224, Dec. 2010. 
[125]  K. S. Ryu, Y.-G. Lee, Y.-S. Hong, Y. J. Park, X. Wu, K. M. Kim, M. G. Kang, 
N.-G. Park, and S. H.  hang, “Poly ethylenedioxythiophene   PED T  as polymer 
electrode in redox supercapacitor”, Electrochimica Acta, vol. 50, no. 2–3, pp. 843–
847, Nov. 2004. 
[126]  Alexis Laforgue, “All-textileflexiblesupercapacitors using electrospun poly(3,4-
ethylenedioxythiophene  nanofibers”, Journal of Power Sources, vol. 196, no. 1, pp. 
559–564, 2011. 
[127]  R. Liu, S. I.  ho, and S. B. Lee, “Poly 3,4-ethylenedioxythiophene) nanotubes as 
electrode materials for a high-powered supercapacitor”, Nanotechnology, vol. 19, 
no. 21, p. 215710, May 2008. 
[128]  P. A. Basnayaka, M. K. Ram, L. Stefanakos, and A. Kumar, “Poly (acrylic acid) - 
mediated soft template synthesis of Poly (3, 4-ethylenedioxythiophene)-based 
conducting polymer nanostructures for supercapacitor applications”, MRS  
Proceedings Library, vol. 1497, 2013. 
[129]  S. V. Selvaganesh, J. Mathiyarasu, K. L. N. Phani, and V. Yegnaraman, 
“ hemical Synthesis of PED T–Au Nanocomposite”, Nanoscale Research Letters, 
vol. 2, no. 11, pp. 546–549, Oct. 2007. 
[130]  Xuping Sun and Matthias Hagner, “Novel Poly acrylic acid -Mediated Formation 
of Composited, Poly(3,4-ethylenedioxythiophene)-Based Conducting Polymer 
Nanowires”, Macromolecules, vol. 40, pp. 8537–8539, 2007. 
[131]  Meryl D. Stoller and Rodney S. Ruoff, “Best practice methods for determining an 
electrode material’s performance for ultracapacitors”, Energy & Environmental 
Science, vol. 3, pp. 1294–1301, 2010. 
[132]  H. Pröbstle,  . Schmitt, and J. Fricke, “Button cell supercapacitors with 
monolithic carbon aerogels”, Journal of Power Sources, vol. 105, no. 2, pp. 189–
194, Mar. 2002. 
168 
 
[133]  Meryl D. Stoller • Scott A. Stoller • Neil Quarles • Ji Won Suk • Shanthi Murali • 
Yanwu Zhu • Xianjun Zhu • Rodney S. Ruoff, “Using coin cells for ultracapacitor 
electrode material testing”, J Appl Electrochem, vol. 41, pp. 681–686, 2011. 
 
  
169 
 
 
 
 
APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
170 
 
Appendix A Electrochemical Measurements of Some Commercial Supercapacitors 
 
 
 
Figure A.1 CV of 2.5V, 10F Maxwell supercapacitor (PC10) at different scan rate 
 
 
Figure A.2 CV of 2.5V, 10F Maxwell supercapacitor (PC10) at 10 mV/s scan rate 
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Appendix A (Continued) 
 
 
Figure A.3 Charging and discharging curves of 2.5V, 10F Maxwell supercapacitor 
(PC10) at different scan rate 
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Figure B.1 Copyright permission for Figure 1 
 
 
Figure B.2 Copyright permission for Figure 5 
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Appendix B (Continued) 
 
 
Figure B.3 Copyright permission for Figure 8 and 9 
 
 
Figure B.4 Copyright permission for Figure 10 
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Appendix B (Continued) 
 
 
Figure B.5 Copyright permission for Figure 12 
 
 
Figure B.6 Copyright permission for Figure 19 
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Appendix B (Continued) 
 
 
Figure B.7 Copyright permission for Figure 20 
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Appendix B (Continued) 
 
 
Figure B.9 Copyright permission for Figure 24 and 25 (b) 
 
 
Figure B.10 Copyright permission for Figure 27
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